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SUMMARY 


A theoretical  method  is  developed  for  determining  the  pressure  dis- 
tributions and  loads  an  prismatic  Vee-shaped  bodies  during  chines -dry 
planing  at  high  speed.  The  method  is  based  on  the  analogy  which  exists 
.between  the  motion  of  the  planing  body  through  a stationary  plane,  ori- 
ented normal  to  its  stagnation  line,  and  the  penetration  of  a two-dimen- 
sional wedge.  The  complete  pressure  distribution  over  an  immersing  wedge 
is  available  so  that,  on  the  basis  of  the  above  analogy,  pressure  dis- 
tributions and,  ultimately,  total  loads  on  the  planing  body  are  obtained. 

Experiments  on  prismatic  Vee-shaped  bodies  planing  with  chines  dry 
were  performed  in  order  to  obtain  data  in  addition  to  those  contained  in 
the  literature  for  comparison  with  the  theory.  Information  on  only  the 
lift  and  wetted  area  is  given. 

The  results  of  the  theoretical  investigation  are,  for  the  most  part, 
presented  in  graphical  form.  Ihese  are  compared  with  the  experimental 
data  obtained  from  the  present  reported  tests  and  with  other  available 
data.  The  comparison  shows  that  a good  agreement  exists  between  the  the- 
oretically predicted  and  experimentally  determined  pressures  and  loada 
over  fairly  wide  ranges  of  planing  parameters.  No  attempt  is  made  to 
describe  the  pressure  losses  in  the  vicinity  of  the  step  which  occur  in 
the  true  three-dimensional  planing  case;  these  tend  to  reduce  the  loads 
as  predicted  by  the  theory. 

The  mathematical  portions  of  the  theory  developed  in  this  report  do 
not  lead  to  any  closed-form  expressions  for  the  lift  on  a chines -dry 
planing  body,  so  an  empirical  expression  is  derived  from  the  experimental 
data.  One  of  the  practical  uses  of  this  empirical  expression  and  of  the 
theory  is  shown  in  the  development  of  stability  derivatives  which  are 
applicable  to  a linear  porpoising  stability  analysis  of  the  chines-dry 
planing  body. 

This  study  was  carried  out  at  the  Experimental  Towing  Tank,  Stevens 
Institute  of  Technology,  under  Contract  No.  N6onr-24704  with  the  Office 
of  Naval  Research 


INTRODUCTION 


The  present  study  is  part  of  a general  program  of  research  on 
planing  surfaces  which  has  been  undertaken  by  the  Experimental  Tewing 
Tank  of  Stevens  Institute  of  Technology  under  Contract  No.  N6onr-247, 
Task  Order  04,  with  tuc  Office  of  Naval  Research. * Tuc  cui rent  report 
deals  with  both  theoretical  and  experimental  aspects  of  the  pressure  dis- 


* ExpariaaaC.il  Toaiaf  Taak  reparti  aid  papara  conplatad  to  date  «*:'xr  tkia  ceatraet  ajra  liatad 
ia  APPENDIX  A. 
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tribution  and  load  on  a chines-dry,  prismatic,  Vee-shaped,  planing  body, 
referred  to  hereinafter  as  simply  the  planing  body. 

The  problem  of  obtaining  the  pressure  distribution  and  total  load 
on  a planing  body  by  studying  the  three-dimensional  flow  about  the  body 
is  at  present  too  difficult  to  solve  because  of  the  complexities  involved 
in  establishing  a mathematical  model  of  the  observed  fiow.  Therefore,  to 
achieve  results,  it  has  been  necessary  to  approach  the  three-dimensional 
planing  case  through  its  two-dimensional  analogue,  the  immersing  wedge. 


In  general,  the  procedure  for  applying  an  immersing  wedge  analogue 
to  the  three -dicsensisnal  planing  case 'is  as  follows:  A plane  is  considered 
stationary  in  space,  in  which  the  passage  of  the  planing  body  appears 
as  an  immersing  wedge.  From  the  pressure  distribution  over  an  immersing 
wedge  that  is  obtained  from  available  two-dimensional  solutions,  the 
pressure  distribution  and  load  on  the  planing  body  can  be  found.  The 
availability  of  a good  two-dimensional  solution  is  therefore  a necessary 
prerequisite. 


It  is  the  purpose  of  this  study  to  apply,  in  the  manner  outlined 
above,  the  potential  theory  of  the  flow  and  pressure  distribution  over  an 
immersing  wedge  developed  in  Reference  1.  It  is  felt  that  the  results  thus 
obtained  will  be  useful  in  determining  loads  and  pressures  for  the 
chines-dry  planing  of  both  surface  craft  and  seaplanes.  They  may  also  be 
applicable  to  the  calculation  of  the  pressures  in  the  vicinity  of  the 
leading  edge  of  the  wetted  area  for  the  chines -wetted  planing  case. 


The  present  work  supersedes  Reference  2,  a previous  E.T.T.  report 
in  which  a theory  of  the  planing  body  is  derived  in  nearly  the  same  way 
as  it  is  presently  derived,  that  is,  by  applying  an  immersing  wedge  ana- 
logue. At  the  time  of  preparation  of  Reference  2,  the  complete  solution 
of  the  wedge  immersion  problem  of  Reference  i was  not  available.  Con- 
sequently, the  authors  of  Reference  2 used  two  separate  theories  devel- 
oped by  Wagner,  that  of  the  expanding  plate  analogy  to  the  immersing 
wedge  which  does  not  involve  a spray  formation,  and  that  of  a spray-root 
formation  of  a planing  flat  plate.  Since  the  unified  treatment  of  the 
entire  wedge  problem,  including  >,he  formation  of  spray-root  areas,  became 
available  in  Reference  1,  it  appeared  desirable,  in  the  present  study,  to 
complete  the  three-dimensional  planing  body  theory  on  this  basis.  Another 
distinction  between  this  work  and  Reference  2 is  that,  here,  the  immersing 
wedge  analogue  is  applied  in  a plane  normal  to  the  stagnation  line  of  the 
planing  body  rather  than  in  a plane  normal  to  the  keel. 


Since  published  data  for  chines-dry  planing  are  limited  to  a set  of 
points  obtained  by  Shoemaker  (Reference  3)’,  it  was  considered  necessary  to 
carry  out  an  experimental  investigation  to  corroborate  the  theoretical 
results  of  this  study.  To  this  end,  tests  were  performed  on  available 
9-in. -beam,  Vee-shaped  bodies  having  deadrise  angles  of  10°,  20°,  and  30°. 
The  test  trim  range  was  from  2°  to  12°,  in  2°  intervals;  one  test  speed, 
24.6  ft. /sec.,  was  used.  The  data  presented  are  limited  to  the  lift  coef- 
ficient and  wetted  bottom  form  for  all  test  conditions. 
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SYMBOLS 


a,  b 


C. 

<V 

dMx , dM3 
dZl,dZi 


Fx,F2 

J 

K 

L.  A 


wetted  area  delineated  by  the  keel,  step,  and  spray-root 
lines  of  the  planing  body  projected  onto  the  plane  of  the 
undisturbed  water  surface 

constant  distances  locating  the  leading  edge  of  the  wetted 
area  relative  to  the  center  of  gravity  of  the  planing 
body 

lift  coefficient  - /,/£  Vn2L^2.  a function  of  the  trim  and 
deadriae  nngles  of  the  planing  body 

distance  from  the  longitudinal  centerline  plane  of  the 
planing  body  to  the  spray-root  line  in  the  step  plane 

distance  from  the  centerline  of  the  two-dimensional  wedge 
to  the  spray  root 

distance  from  the  longitudinal  centerline  plane  of  the 
planing  body  to  the  stagnation  line  in  the  step  plane 

distance  from  the  centerline  of  the  two-dimensional  wedge 
to  the  symmetrical"  points  cf  maximum  pressure 

incremental  pitching  moments  arising  from  tlZ  j and  dZ2 

incremental  lift  forces  acting  on  the  planing  body 

a function  of  the  two-dimensional  deadriae  angle  ■ Cp'/y* 
(see  appendix  c) 

functions  of  a 

a function  of  the  planing  body  deadrise  angle,  taken  as 
(2/w)tan/3 

a function  of  the  two-dimensional  wedge  deadrise  angle  * 
C,7y' , or,  equivaifently,  Cs/y ■ (see  appendices  b.c) 

vertical  force  on  load 


L.M.N 
L ' 

L k 
i 

N 


moments  about  the  leading  edge  cf  the  wetted  area  as  de- 
fined in  the  report 

resultant  perturbed  wetted  keel  length  of  the  planing  body 

steady  planing  wetted  keel  length  of  the  planing  body 

distance  measured  from  the  leading  edge  of  the  wetted 
area  in  the  direction  of  the  stagnation  iine 

force  normal  to  the  planing  body 


P 


pressure  at  any  point  on  the  wetted  surface  of  the  two- 
dimensional  immersing  wedge 
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p,q,r  angular  velocities  about  the  x,  y,  and  z axes,  respec- 

tively 

pa  average  pressure  over  a wetted  section  of  the  planing  body 

p^  keel  pressure 

pm  maximum  pressure 

t time 


u.v.v 

V 

V. 


V, 

l> 

V. 


X,Y,Z 


x.y.z 


y 

u' 


\ * l * 

a2.P2.y% 


a 

y 


e 


velocities  in  the  x,  y,  and  z directions,  respectively 
resultant  perturbed  planing  velocity 

equivalent  planing  velocity  of  a body  whose  instantaneous 
resultant  velocity  is  not  parallel  to  the  water  surface 

horizontal  planing  velocity  associated  with  a vertical 
penetration  velocity  of  the  p'aning  body 

steady  planing  velocity  of  the  planing  body 

velocity  of  the  maximum  pressure  point  outboard  along  an 
immersing  wedge 

immersion  velocity  of  the  two-dimensional  wedge 

vertical  penetration  velocity  of  the  associated  two-dimen- 
sional wedge  attendant  with  a pitching  angular  velocity 

forces  in  the  positive  x,  y,  and  z directions,  respec- 
tively 

coordinate  axes  fixed  in  the  leading  edge  of  the  wetted 
area 

distance  from  the  longitudinal  centerline  plane  of  the 
planing  body  to  the  level  water  intersection  point  in  the 
step  plane 

distance  from  the  centerline  of  the  two-dimensional  wedge 
to  the  level  water  intersection  point 

angle  between  the  keel  and  stagnation  line  on  the  planing 
body 

direction  cosines  as  defined  in  appendix  b 


deodrise  angle  of  the  planing  body 

deadrise  angle  of  the  associated  two-dimensional  wedge 

angle  between  the  keel  and  spray-root  line  on  the  planing 
body 

pitch  angle  of  the  planing  body  about  the  center  of  grav- 
ity 
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> Ali  < vi ' 

^2  * Mg*  ^2 

V,  T,OJ 


P 


aspect  ratio  = L^/Cp,  a function  of  the  trim  and  deadrise 
angles  of  the  planing  body 

direction  cosines  of  the  stagnation  line  and  keel  of  the 
planing  body 

angular  displacements  in  the  reference  system  as  defined 
in  the  report 

mass  density  of  water 


In  addition  to  the  above  symbols,  the  following  notation  has  been  used  in 

this  report  (predominantly  in  the  section  on  stability); 

G the  dot  indicates  time  differentiation  of  the  variable  G, 

G arbitrary 

I,  the  bar  indicates  a perturbation  quantity  (i.e.  , G aG  — G ^ ) 

G*  the  star  refers  to  axes  fixed  in  space  as  discussed  in 

the  text 

Gcc  the  subscript  OG  denotes  that  the  quantity  G is  either  a 

distance  or  a velocity  of  the  center  of  gravity  of  the 
planing  body  relative  to  a space-fixed  set  of  axes 

G0  the  subscript  o indicates  the  equilibrium  value  of  the 

quantity  G 

Gt  u w lte  the  subscripts  r, u, etc.  denote  partial  differentia- 
tion of  the  quantity  G with  respect  to  these  parameters 


THEORETICAL  ANALYSIS 

general  considerations 

In  order  to  determine  theoretically  the  approximate  pressure  dis- 
tribution and  total  load  on  a high-speed  planing  body,  use  will  be  made 
of  the  following  general  (and  usual)  assumptions: 

(1)  The  fluid  is  ideal  --  inviscid  and  incompressible. 

(2)  The  forces  due  to  gravity  may  be  neglected  in  comparison  with 
the  relatively  large  dynamic  forces. 

In  order  to  avoid  the  mathematical  difficulties  of  a complete 
three-dimensional  analysis  of  the  flow  and  pressures  in  the  vicinity  of 
the  planing  body,  it  is  convenient  to  treat  this  three-dimensional  case 
in  terms  of  its  two-dimensional  analogue,  the  immersing  wedge.  Thus,  the 
passage  of  the  planing  body  through  a stationary  plane  is  ta  kcu  as  being 
equivalent  to  the  penetration  of  a wedge  in  this  plane.  A basis  for  this 
analogy  is  apparent  if  it  is  noted  that  there  is  a marked  similarity  be- 
tween the  flow  fields  in  the  spray-root  regions  of  both  the  planing  body 
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and  the  immersing  wedge.  Additional  special  assumptions,  resulting  from 
observation  and  experimentation,  are  required  to  complete  this  analogy. 
These  are: 

(3)  A stagnation  line  exists  on  the  planing  body.  This  line,  which 
is  defined  as  the  locus  of  points  of  maximum  pressure  on  the 
wetted  bottom  area  of  the  planing  body,  is  the  physical  di- 
viding line  aft  of  which  the  fluid  proceeds  essentially  in  the 
after  direction  and  forward  of  which  the  fluid  is  deflected 
laterally  as  spray. 

(4)  The  fluid  velocity  along  the  stagnation  line  is  constant;  it  ia 
equal  to  the  component  of  the  resultant  planing  velocity  in  the 
direction  of  the  stagnation  line. 

The  existence  of  the  stagnation  line  is  well  established.  The  constancy 
of  velocity  or  pressure  along  it  can  be  verified  to  a somewhat  lesser  ex- 
tent if  a study  is  mode  of  available  pressure  data. 

The  next  step  in  the  analogy  is  to  select  the  orientation  of  the 
above-mentioned  stationary  plane  in  space  in  which  the  planing  body  will 
appear  as  an  immersing  wedge.  Finally,  a two-dimensional  theory  for  the 
pressures  on  an  immersing  wedge  has  to  be  selected  in  order  to  obtain 
pressure  distributions  ever  the  bottom  of  the  planing  body. 


PREVIOUS  ANALYSIS 

An  earlier  theory  for  the  pressure  distribution  and  load  on  a plan- 
i nff  KqjJv , derived  bv  ths  incthcd  described  above  snd  based  on  the  assunio - 
tions  listed  on  page  5 and  above,  is  presented  in  Reference  2.  Since 
the  subject  matter  of  Reference  2 is  so  closely  related  to  the  present  in-1 
vestigation  and  since  some  use  will  be  made  of  results  obtained  therein, 
it  is  considered  important  to  outline  briefly  the  techniques  and  limita- 
tions of  this  earlier  analysis  of  the  planing  problem. 

In  Reference  2,  die  stationary  plane  of  wedge  immersion  was  taken 
normal  to  the  keel  of  the  planing  body.  The  general  pressure  distribution 
in  this  plane  was  then  obtained  by  using  two  theories,  both  two-dimen- 
sional. The  first  of  these,  based  on  the  analogy  m Reference  4 of  the 
expanding  plate  to  the  immersing  wedge,  yielded  the  pressure  distribution 
from  the  keel  of  the  immersing  wedge  to  the  maximum  pressure  point.  It 
failed,  however,  to  predict  pressures  beyond  this  point  on  the  wedge  be- 
cause the  expanding  plate  analogy  fails  to  predict  accurately  the  free 
fluid  surface  deformation  in  the  spray-root  region.  The  second  theory, 
the  spray-root  analysis  of  Reference  5,  was  used  to  obtain  the  remaining 
pressure  distribution  from  the  maximum  pressure  point  outboard  along  the 
wetted  portion  of  the  wedge. 

The  maximupi  pressure  on  the  stagnation  line  of  the  planing  body  was 
also  evaluated  in  Reference  2,  independently  of  any  immersing  wedge  ana- 
logue. This  evaluation  was  made  possible  by  assumption  (4)  listed  on 
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page  6,  which  gives  information  on  the  magnitude  and  direction  of  the 
velocity  along  the  stagnation  line.  The  maximum  pressure  was  found  by  ap- 
plying Bernoulli’s  equation  between  points  infinitely  far  from  the  sur- 
face and  on  the  stagnation  line.  With  the  validity  of  the  maximum  pres- 
sure as  obtained  from  this  velocity  resolution  technique  accepted,  this 
pressure  was  then  expressed  in  Reference  2 in  a form  mathematically 
analogous  to  the  expressions  for  the  maximum  pressure  as  derived  from  the 
expanding  plate  analogy  to  the  immersing  wedge.  This  expression  gave  rise 
to  the  concept  of  an  "effective  deadrise,"  defined  to  be  the  deadrise 
angle  of  that  wedge  immersing  with  velocity  sinr  (the  component  of  the 
planing  velocity  normal  to  the  keel)  whose  maximum  pressure  was  the  same 
as  that  given  by  the  velocity  resolution  technique,  and  whose  mathemati- 
cal formalism  agreed  with  that  of  the  expanding  plate  analogy  to  the  im- 
mersing wedge.  Pressure  distributions  in  planes  normal  to  the  keei  were 
then  assumed  to  be  given  by  the  combined  theories  of  the  spray-root 
analysis  and  the  immersing-wedge  analysis.  In  the  resulting  expressions, 
the  wedge  deadrise  angle  was  replaced  by  the  effective  deadrise  angle. 
Total  loads  were  obtained  by  integrating  these  pressure  distributions 
over  the  wetted  area. 

The  good  agreement  between  the  theoretically  and  experimentally 
determined  wetted  shape  of  the  planing  body  and  the  load  coefficient 
shown  on  Figures  28  and  30,  respectively,  of  Reference  2 tends  to  justify 
the  application  of  a two- dimension'll  approach  to  the  three-dimensional 
planing  case.  However,  it  must  be  remembered  that  the  usefulness  of  the 
analysis  of  Reference  2 is  dependent  upon  the  introduction  of  a fic- 
titious deadrise  angle  of  the  immersing  wedge;  also,  the  theory  of  the 
immersing  wedge  used  therein  has  been  superseded  by  the  theory  of  Refer- 
ence 1=  These  facts  suggest  that  an  improvement  to  the  analysis  of  Refer- 
ence 2 might  be  obtained. 


THE  PRESENT  ANALYSIS 

In  the  present  analysis,  a theory  is  derived  for  the  pressure  dis- 
tribution and  load  on  a planing  body,  using  the  methods  and  assumptions 
listed  on  pages  5 and  6.  The  analysis  differs  from  the  analysis  of  Refer- 
ence 2 in  at  least  two  respects:  (1)  the  stationary  plane  of  the  two- 
dimensional  immersing  wedge  analogy  is  not  selected  normal  to  the  keel, 
and  (2)  the  theory  of  Reference  1 is  used  to  obtain  pressure  distribu- 
tions in  the  stationary  plane.  A discussion  of  these  two  salient  differ- 
ences and  a discussion  of  the  assumed  flow  phenomena  in  the  stationary 
plane  are  given  below.  The  application  of  this  theory  in  obtaining  local 
pressures,  totai  loads,  and  stability  derivatives  of  use  in  a linear  sta- 
bility analysis  is  reserved  for  later  sections. 

> 

I 

n 

SELECTION  OF  THE  STATIONARY  PLANE 

In  a two-dimensional  solution  of  wedge  penetration,  the  plane  of 
immersion  is  perpendicular  to  both  the  keel  of  the  wedge  and  the  maximum 
pressure  line.  Since  the  maximum  pressure  line  and  keel  of  the  three- 
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dimensional  planing  body  are  not  parallel,  it  is  impossible  to  select  a 
stationary  plane  in  which  the  passage  of  the  planing  body  will  appear  in 
all  respects  as  a penetrating  two-dimensional  wedge.  However,  since  the 
major  portion  of  the  load  comes  from  the  immediate  neighborhood  of  the 
maximum  pressure  line  for  wedge  deadrise  angles  up  to  about  40° , it  may 
be  supposed  that  any  analogy  which  treats  wedge  penetration  should  prefer- 
ably treat  it  in  planes  normal  to  this  maximum  pressure  line.  Thus,  inas- 
much as  the  stagnation  line  of  the  planing  body  is  assumed  to  correspond 
to  the  maximum  pressure  line  of  the  imweising  wedge  in  the  present  analy- 
sis, the  planes  of  wedge  immersion  are  taken  normal  to  this  stagnation 
line,  which  is  defined  by  the  planing  geometry  developed  in  Reference  2. 
A preliminary  attempt  to  analyze  the  pressures  and  loads  on  a planing 
body  by  treating  it  as  a series  of  wedges  immersing  in  planes  normal  to 
the  stagnation  line  was  made  in  Reference  4;  the  solution  was  by  no  means 
completed,  however,  and  the  pressures  ever  the  wedge  in  this  plane  were 
obtained  in  the  same  manner  as  in  Reference  2. 

THE  TWO-D ! MEM S ! OH  At  THEORY  0'  THE  PENETRATING  WEDGE 

The  twe-dimens iunal  theory  of  the  immersing  wedge  which  is  used  in 
this  report  was  originally  proposed  by  Wagner  (Reference  6),  and  then 
expanded  and  carried  out  in  detail  by  Pierson  in  Reference  1.  This  theory 
develops,  by  means  of  an  iterative  process,  the  shape  of  the  perturbed 
free  fluid  surface  accompanying  a wedge  penetration,  which  in  turn 
leads  to  the  time -dependent  potential  in  the  two  symmetrical  spray-root 
regions  on  the  two  sides  of  the  wedge,  and  finally  tc  the  complete  ve- 
locity and  pressure  distribution  over  the  wedge.  This  theory  of  the  im- 
mersing wedge  has  the  obvious  advantage  over  the  combination  of  two  two- 
dimensional  theories  used  in  Reference  2 in  that  it  yields  pressure  dis- 
tributions over  the  wedge  which  are  correct  (limited  oniy  by  the  accuracy 
of  iteration  process),  within  the  limits  of  potential  theory.  Unfortu- 
nately, this  wedge  theory  is  carried  out  for  only  a limited  number  of 
wedge  deadrise  angles,  namely,  20°,  30°,  40°,  and  50°,  and  each  of  these 
is  presented  in  graphical  form.  This  latter  fact  leads  to  the  presenta- 
tion of  results  of  the  present  three-dimensional  solution  in  graphical 
form  rather  than  in  closed  form. 

FLOW  PHENOMENA  IN  THE  STATIONARY  PLANE 

The  rendsr  \S  rn  furrud  t-r*  C v mi  rp  q 1 a nrl  9 i nfl  AO  And  dl  ) fnr  f.h#» 

A w w w w w ^ w * v w • * w ^ ^ — \ I'  ""  Q — ' - • w --  — ‘ * — * 

following  discussions.  Figure  1 is  a pictorial  representation  of  the 
planing  body  and  embodies  most  of  the  essential  features  and  notation  re- 
ferred to  herein.  Figure  2 shows  the  associated  immersing  wedge  in  its 
relation  to  the  three-dimensional  planing  body  as  the  latter  passes 
through  the  stationary  plane,  and  the  notation  in  this  plane.  It  is 
pointed  out  that  an  analogy  exists  between  the  flow  about  only  one  side 
of  tne  planing  body,  in  the  stationary  plane,  and  the  flow  about  only  one 
side  of  the  immersing  wedge. 

In  Figure  1,  the  line  of  intersection  between  the  stationary  plane 
perpendicular  to  the  stagnation  line  and  one  side  of  the  planing  body  is 
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denoted  by  K2S,  and  the  line  of  intersection  between  the  stationary  plane 
and  the  water  surface  is  denoted  by  The  angle  between  these  two  lines 
is  called  the  associated  deadrise  angle,  fta  (see  Figures  1 and  2).  This 
angle,  fta , is  then  the  geometric  deadrise  angle  of  the  immersing  wedge 
associated  with  the  passage  of  the  planing  body  as  viewed  in  the  station- 
ary plane  as  defined.  The  associated  deadrise  angles  as  functions  of  the 
planing  body  trim  (r)  and  deadrise  {.ft)  angles  have  been  computed  by  a 
method  set  forth  in  appendix  b;  a graph  of  fta  vs.  ft  for  various  r ap- 
pears in  Figure  3. 

In  addition  to  defining  the  geometry  of  the  associated  wedge  in 
terms  of  the  geometry  of  the  planing  body,  it  remains  to  define  the  im- 
mersion velocity  of  this  wedge  m terms  of  the  steady  planing  velocity  of 
the  planing  body.  The  physical  condition  which  permits  this  evaluation  is 
that,  to  an  observer  situated  in  the  stationary  plane,  the  passage  of  the 
planing  body  stagnation  line  appears  as  the  traveling  maximum  pressure 
point  of  the  associated  immersing  wedge.  It  is  then  clear  that  the  ve- 
locity of  the  maximum  pressure  point  out  along  the  wedge  is  equal  to  the 
corresponding  velocity  of  the  stagnation  line  in  this  plane,  normal  to 
itself  along  the  planing  body.  This  condition  becomes  more  important  if 
it  is  realized  that  the  penetration  velocity,  and  hence  the  pressure  dis- 
tribution over  the  immersing  wedge,  may  be  defined  in  terms  of  the  ve- 
locity of  the  maximum  pressure  point  outboard  along  tuC  n’Cugo  • Til  us,  from 
the  geometry  of  the  planing  body,  the  velocity  of  the  stagnation  line 
normal  to  itself  in  the  plane  of  the  body  may  be  determined;  this  in  turn 
fixes,  within  the  limits  of  the  present  study,  the  pressure  distribution 
in  normal  planes  and  ultimately  the  total  load.  The  details  r>f  the  com- 
putation which  gives  the  penetration  velocity,  vQ,  of  the  associated 
wedge  in  terms  of  the  planing  velocity,  VRI  and  geometric  quantities  are 
contained  in  appendix  c,  with  the  resultant  expression 


v 


o 


sinfta  sina 
K cost 


(1) 


where  a is  a function  of  the  planing  body  trim  and  deadrise  angles,  and  K 
is  a function  of  the  associated  deadrise  angle.  Both  a and  K as  used  are 
defined  in  appendix  c. 

Finally,  having  obtained  the  associated  deadrise,  fta , and  the  pene- 
tration velocity,  v 0,  the  pressure  distribution  in  normal  planes  is  taken 
as  the  pressure  distribution  given  in  Reference  1 for  the  immersing  wedge 
of  deadrise  fta.  Since  Reference  1 provides  pressure  distributions  for 
deadrise  angles  of  20°,  30°,  40°,  and  50°  only,  the  results  must  be  inter- 
polated or  extrapolated  to  obtain  pressure  distributions  for  an  arbitrary 
wedge  deadrise  angle.  The  total  load  acting  on  the  planing  body  is  then 
found  by  integrating  these  pressure  distributions  over  the  wetted  area, 
but  more  will  be  said  of  this  later. 


SUMMARY 

In  the  present  theory,  (1)  use  is  made  of  the  four  general  and  spe- 
cific assumptions  listed  on  pages  5 and  6;  (2)  the  stationary  plane  is 
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selected  normal  to  the  stagnation  line  of  the  planing  body;  (3)  the  plan= 
ing  body  geometry  in.  this  plane  defines  /3fl,  the  deadrise  of  the  two- 
dimensional  wedge  associated  with  the  passage  of  the  planing  body  through 
this  plane;  (4)  the  velocity  of  the  stagnation  line  of  the  planing  body 
in  this  plane  is  used  to  determine  the  corresponding  penetration  velocity 
of  the  associated  two-dimensional  wedge;  and,  finally,  (5)  use  is  made  of 
a single  two-dimensional  theory  (Reference  1)  of  the  immersing  wedge  to 
obtain  pressure  distributions  in  the  normal  planes  and  hence  the  total 
loads  on  the  planing  body. 


EXPERIMENTAL  STUDY 


Relatively  little  experimental  data  pertaining  to  the  chines-dry 
planing  of  prismatic  Vee-shaped  surfaces  are  available.  In  fact,  the  only 
extensive  chines-dry  pianing  data  published  prior  to  the  present  investi- 
gation were  obtained  by  Shoemaker  (Reference  3).  Some  work  on  impact 
prior  to  chine  immersion  may  be  treated  as  chines-dry  planing  if  the  ap- 
propriate velocities  are  used,  but  even  so,  relatively  little  applicable 
data  of  this  type  are  on  hand  (see,  for  instance,  References  7 and  8).  In 
view  of  these  facts,  it  was  felt  necessary  to  obtain  additional  chines- 
dry  planing  data  to  corroborate  the  theory  of  this  report. 


MODELS 

Three  Vee-shaped  prismatic  models  having  deadrise  angles  of  10°, 
20°,  and  30°  were  selected  from  among  those  used  in  previous  E.T.T. 
tests.  Each  of  the  models  has  a beam  of  9 in.  , a length  of  54  in.  from 
transom  to  bow,  and  an  over-all  height  of  9 in.  Further  details  concern- 
ing the  construction  and  cross-sectional  shapes  are  contained  in  Refer- 
ence 9. 


TOWING  EQUIPMENT 

The  tests  were  performed  in  Tank  No.  3 of  the  Experimental  Towing 
Tank.  The  carriage  which  was  used  allowed  the  models  freedom  in  heave 
only.  Resistance  and  pitching  moment  were  obtained  from  suitable  electron- 
ic balances.  Wetted  bottom  configurations  were  determined  from  underwater 
photographs , two  of  which  are  shewn  in  Figure  4.  The  photograph  in  Fig- 
ure 5 shows  one  of  the  models  completely  equipped  for  testing.  Refer- 
ence 9 gives  further  information  regarding  the  towing  equipment  and  as- 
sociated test  techniques. 

In  an  attempt  to  minimize  errors  in  load  or  drag  readings  due  to 
aerodynamic  forces,  a iarge  aluminum  air  screen  was  towed  directly  ahead 
of  the  model,  as  shown  in  Figure  5. 

Although  usually  employed  in  similar  tests  at  the  E.T.T. , no  turbu- 
lence-inducing strut  was  used  in  the  current  tests.  It  was  felt  that,  in 


view  of  the  small  wetted  areas  to  be  encountered,  too  large  a disturbance 
of  the  flow  pattern  might  result  from  the  use  of  such  a turbulence-stimu- 
lating device. 


TEST  CONDITIONS  A NO  PROCEDURE 


Each  of  the  three  models  was  run  in  a straight  line  on  a smooth 
water  surface  at  a constant  speed  of  24.6  ft. /sec.,  at  fixed  trim  with  no 
yaw.  The  models  were  free  to  heave  and  hence  assumed  a vertical  position 
at  which  the  load  on  the  model  was  supported  by  the  dynamic  reaction  of 
the  water.  For  each  of  the  test  trim  angles  r = 2°,  4°,  6°,  8°,  10°,  and 
12°,  the  load  was  adjusted  so  that  the  stagnation  line  emerged  from  the 
step  plane  no  closer  than  1/8  beam  from  the  chine.  In  most  cases,  the 
load  was  also  varied  at  a given  trim  in  order  to  serve  as  a check  on  the 
computed  lo«d  coefficient,  C,. 


The  following  general  test  procedure  was  used  for  a typical  planing 
run:  The  model  was  set  at  the  proper  trim  angle  and,  as  the  case  de- 
manded, loaded  or  unloaded  to  the  desired  weight.  The  carriage  was  then 
accelerated  to  running  speed  by  automatic  control.  As  the  model  passed 
the  underwater  camera  which  was  set  up  to  take  photographs  of  the  bottom 
planing  area,  an  electric  eye  arrangement  triggered  the  camera.  During 
this  time,  e lectronic  readings  of  the  drag  and  pitching  moment  were  taken. 
A visual  observation  of  the  towed  model  indicated  at  which  position  the 
stagnation  line  was  emerging  at  the  step  and  thus  suggested  what  loading 
to  use  in  the  check  runs.  The  model  was  then  returned  to  its  starting 
position  and  the  process  was  repeated  for  different  combinations  of  load 
and  trim.  The  detailed  planing  test  conditions  for  each  model,  together 
with  the  test  results,  are  given  in  Table  I (pages  38  and  39). 


Despite  the  precautions  taken  to  eliminate  aerodynamic  forces,  it 
was  believed  that  some* would  remain  in  the  presence  of  the  air  screen. 
These  were  estimated  by  towing  the  model  just  off  the  water  surface  be- 
hind the  air  screen,  repeating  the  conditions  of  speed  and  trim  which  had 
been  investigated  with  the  model  in  the  water.  These  aerodynamic  forces 
and  moments  were  subtracted  from  the  original  test  quantities  to  arrive 
at  the  hydrodynamic  forces  and  moments. 


TEST  RESULTS 

It  was  hoped,  at  the  outset  of  the  current  study,  that  the  test  re- 
sults might  be  presented  in  the  form  of  lift  coefficients  and  dimension- 
less centers  of  pressure.  However,  the  experimental  technique  that  was 
used  led  to  difficulty  in  the  determination  of  the  centers  of  pressure. 
The  computations  for  the  center  of  pressure  depended,  of  course,  on  both 
the  drag  and  pitching  moment  measurements  as  well  as  on  the  lift.  This 
dependence  unfortunately  was  in  the  form  of  small  differences  of  large 
quantities.  Small  errors  in  the  large  quantities  such  as  pitching  moment 
or  drag  therefore  led  to  sizable  errors  in  the  determination  of  the  cen- 
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teis  of  pressure.  For  this  reason,  the  presentation  of  test  results  is 
limited  to  the  lift  coefficient;  this  is  tabulated  with  the  corresponding 
test  conditions  in  Table  I and  presented  graphically  in  Figure  6.  A small 
amount  of  E.T.T.  unpublished  data  for  the  case  of  the  40°  deadrise  sur- 
face and  all  of  the  data  from  Shoemaker’s  investigation  in  Reference  3 
are  also  shown  in  this  Figure.  The  scatter  of  the  Shoemaker  data  is  indi- 
cated by  the  boxes  surrounding  the  mean  values  of  CL. 

On  the  whole,  there  is  agreement  between  Shoemaker’s  data  and 
E.T.T.  data,  but  there  seems  to  be  some  tendency  for  the  E.T.T.  data  to 
fall  higher  than  Shoemaker’s.  This  difference  may  be  attributed  to  a 
variance  in  the  methods  used  to  determine  wetted  length  in  each  of  the 
investigations.  Shoemaker  determined  this  length  from  over -water  observa- 
tions, and  E.T.T.,  from  underwater  photographs.  The  tendency  of  the  water 
to  surge  forward  in  a "roll  up"  along  the  model  bottom  could  more  easily 
be  taken  as  a longer  wetted  length  in  over -water  observations  than  would 
appear  in  underwater  photographs,  leading  to  lower  values  of  the  lift  co- 
efficient CL  as  defined  in  this  report. 


RESULTS  AND  DISCUSSION 
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COMPARISON  OF  THEORY  WITH  EXPERIMENT 

THE  MAXIMUM  PRESSURE 

The  prediction  of  the  maximum  pressure,  denoted  as  pm , is  an  im- 
portant aspect  of  a theoretical  investigation  of  the  planing  body  since 
it  is  this  pressure  that  gives  rise  to  the  maximum  local  load.  It  is 
evident  from  its  definition  that  pm  will  occur  on  the  stagnation  line  of 
the  planing  body;  hence,  in  the  present  analysis,  it  will  be  taken  as 
being  equal  to  the  maximum  pressure  of  the  associated  immersing  wedge. 

The  maximum  pressure  on  the  associated  immersing  wedge  can  be  found 
in  terms  of  the  planing  body  geometry  and  the  planing  velocity.  The  fol- 
lowing procedure  will  illustrate  the  use  of  the  various  graphs  of  this 
report  in  finding  this  maximum  pressure: 

(1)  Given  the  planing  geometry  (i.e.,  trim  and  deadrise  angles  of 
the  planing  body),  the  associated  wedge  deadrise  angle,  /?a , can  be  ob- 
tained from  Figure  3,  which  results  from  the  computations  outlined  in 
APPENDIX  S. 

(2)  Having  obtained  /S„,  Figure  7 is  then  referred  to  for  the  cor- 
responding value  of  the  dimensionless  maximum  pressure  based  on  penetra- 
tion velocity,  pm/y  vn2.  Two  curves  appear  on  Figure  7,  one  solid  and  one 
dashed.  The  dashed  one  results  from  the  expanding-plate  analogy  solution  of 
the  immersing  wedge  (Reference  4)  mentioned  previously,  which  is  a closed 
form  expression  for  p*/^-  vQ2  vs.  wedge  deadrise  angle.  The  solid  curve  is 
faired  through  the  values  of  pm/ f-  v0 2 taken  from  Reference  1;  it  was  ex- 
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trapolated  to  £a  = 10°  by  a qualitative  and  quantitative  comparison  with 
the  dashed  curve. 

(3)  Finally,  the  relationship  of  equation  (1),  shown  graphically  in 
Figure  8,  allows  for  the  evaluation  of  the  dimensionless  maximum  pressure 
based  on  planing  velocity,  pm/-£  V 2 . 

A resultant  graph  of  Pn/-%-  VR  2 vs.  r,  obtained  by  following  the 
above  procedure,  is  shown  in  Figure  9 for  four  planing  bodies  having 
dcadri.se  angles  of  10u,  20°,  30°,  and  40°. 

Another  theoretical  method  of  determining  pm/f  V’ft2  for  any  planing 
condition  is  discussed  in  the  section  of  this  report  entitled  previous 
analysis.  In  this  method,  the  maximum  pressure  results  from  an  applica- 
tion of  Bernoulli's  equa  t X on  be  tween  points  at  infinity  and  on  the  stag- 
nation line  of  the  planing  body  (Reference  2).  The  resultant  expression 
so  derived  is 


sin2T 
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where  all  the  symbols  are  as  defined  herein,  K being  defined  in  appendix  b 
as  a function  of  the  planing  body  deadrise  angle,  /5. 


The  only  experimental  data  available  on  the  maximum  pressure  e£  a 
planing  body  are  contained  in  References  7 and  8.  These  data  are  actually 
the  result  of  ianding  tests  performed  on  bodies  whose  instantaneous  re- 
sultant velocity  had  components  parallel  and  normal  to  the  water  surface. 
The  equivalent  "planing"  velocity  for  the  case  of  landing  has  been  de- 
fined as  the  resultant  horizontal  velocity  of  the  stagnation  line.  Thus, 
if  x and  z are  used  „o  denote  the  components  of  the  instantaneous  re- 
sultant velocity  of  the  body  in  directions  parallel  and  normal  to  the  un- 
disturbed water  surface,  respectively,  the  equivalent  planing  velocity, 
Ve , is  given  by 
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The  test  results  of  References  7 and  8 have  been  summarized  by  the  em- 
pirical relation 

=sin‘T(  \ , (4) 

2-  y i \sin2r  + J2cos2Ty 

where  the  quantity  designated  J is  a function  of  the  deadrise  angle.  Only 
two  values  of  J have  been  determined  experimentally  --  one  each  for  body 
deadrise  angles  of  22 VP  and  30°;  however,  in  Reference  7,  it  is  pointed 
out  that  the  asymptotic  behavior  of  J as  a function  of  1 5 , for  small  c,  is 
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Equation  (22)  of  Reference  2. 


(5) 


J - — tan/5 
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For  the  purpose  of  comparing  the  maximum  pressure  coefficient  given  by 
equation  (2)  with  that  given  by  equation  (4)  and  the  one  developed  in  the 
present  report,  it  was  found  convenient  to  use  this  definition  for  J 
throughout  the  range  of  /3  considered.  Only  slight  discrepancies  exist  be- 
tween this  definition  and  the  experimentally  determined  values  of  J,  as 
can  be  seen  on  Figure  10. 


For  each  landing  condition  of  the  bodies  tested  and  reported  in 
References  7 and  8,  the  model  penetrated  the  water  to  various  depths.  The 
fact  that  equation  (4)  above  is  independent  of  depth  is  an  experimental 
indication  that  no  significant  variation  in  peak  pressure  occurs  when  the 
body  passes  from  the  chines-dry  to  the  chines  - wetted  condition.  There- 
fore, i L may  well  be  assumed  that  the  pressure  distribution  in  the  im- 
mediate vicinity  of  the  stagnation  line  as  theoretically  developed  in 
this  report  for  the  chines-dry  planing  case  is  also  applicable  to  this 
region  whet  the  chines  are  wetted. 


Figure  9 shows  a comparison  of  the  maximum  pressure  coefficients 
given  by  equations  (2)  and  (4),  and  the  theory  developed  in  the  present 
report,  throughout  a practical  range  of  trim  and  dendrise  angles.  In 
general,  the  agreement  among  them  is  good.  However,  the  values  of  the 
maximum  pressure  coefficient  given  by  the  three  methods  tend  to  diverge 
at  high  trim  angles.  This  is  to  be  expected  since  different  limiting 
values  of  the  maximum  pressure  coefficient  are  predicted  by  the  three 
methods  as  the  trim  angle  of  90°  is  approached.  Since  the  change  in  the 
maximum  pressure  coefficient  with  trim  angle  is  not  rapid  for  large  trims 
(30°  < r < 90°),  the  limiting  value  at  90°  trim  will  affect  the  values  at 
other  high  trim  angles.  The  empirical  equation  (4)  predicts  a maximum 
pressure  coefficient  of  unity  at  90°  trim  angle;  equation  (2)  predicts 
that  this  coefficient  will  approach  cos2/S  at  this  trim  angle;  and  the 
present  theory  is  forced  to  leave  the  value  of  this  coefficient  undefined 
at  this  limiting  condition  inasmuch  as  values  of  /5Q  approach  90°  with  the 
trim  angle  and  no  asymptotic  theoretical  values  of  the  maximum  pressure 
coefficient  for  high  deadrises  are  available. 


THE  LIFT  COEFFICIENT 

The  lift,  L,  in  the  upward  direction  perpendicular  to  the  undis- 
turbed water  surface  is  given  by  the  product  of  the  average  pressure  over 
the  wetted  surface  of  the  body  and  the  area  of  this  wetted  surface  pro- 
jected onto  the  undisturbed  water  plane.  Thus,  before  a theoretical  deri- 
vation of  the  lift  coefficient  can  he  completed,  the  magnitudes  of  the 
average  pressure  and  the  projected  wetted  area  must  be  determined. 

In  order  to  determine  the  average  pressure  on  the  surface  of  the 
planing  body,  it  is  first  necessary  to  establish  the  correspondence  of 
the  two-dimensional  pressure  distribution  over  the  associated  immersing 
wedges  with  the  pressure  distribution  over  the  entire  wetted  portion  of 
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the  planing  body.  To  this  end,  the  reader  is  referred  to  Figure  11,  a 
plan  view  of  the  planing  body.  Shown  on  this  Figure  are  typical  sections, 
A-A  ard  B-B,  taken  normal  to  the  stagnation  line  of  the  planing  body,  in 
which  ^he  pressure  distribution  is  assumed  to  be  the  same  as  that  on  one 
side  oi  an  immersing  wedge.  In  a section  such  as  B-B,  which  does  not 
inter  °ct  the  keel  of  the  planing  body,  the  step  of  the  planing  body  is 
taken  o correspond  to  the  keel  of  the  immersing  wedge.  This  assumption 
is  co.  enient  in  practice  since  it  insures  that,  once  the  average  pres- 
sure in  any  section  normal  to  the  keel  has  been  determined,  it  will  be 
constant  for  all  such  sections,  and  that  (providing  /5  <40°)  the  pressure 
o ist*  but  ion  ever  the  step  of  the  planxng  body  1 1 . be  constant  and  a 
minimum  (see  section  C-C  of  Figure  11),  which  approaches  the  true  case. 
It  is  understood,  of  course,  that,  in  reality,  the  pressure  quickly  drops 
to  z ■'To  at  the  step.  This  drop,  however,  affects  only  a small  part  of  the 
comp  els  pressure  distribution  and  is  neglected  in  the  present  work. 


i 
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Having  set  up  a correspondence  of  the  two-dimensional  pressure  dis- 
tribution of  the  immersing  wedge  with  the  pressure  distribution  over  the 
plantng  body,  it  now  remain*  to  evaluate  the  average  pressure  from  these 
pret  iure  distribution*,  To  do  this,  the  pressure  distribution  curve*  for 
the  immersing  wedge  which  are  reproduced  from  Reference  1 in  Figure  12 
for  various  deadrise  angles  must  be  integrated  over  the  wetted  width.  It 
will  be  noted  from  this  Figure  that  these  curves  extend  out  to  values  of 
y',  the  distance  from  the  wedge  centerline,  greater  than  Cp ' , the  dis- 
tance from  this  centerline  to  the  spray  root  (see  Figure  2).  However,  in 
vierv  of  the  fact  that  the  theoretical  expression  for  the  distance  Cp'  is 
so  » imple  and  relatively  well  established, , it  was  decided  to  define  the 
weighted  average  pressure  coefficient  as 
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order  to  define  the  lift,  this  weighted  average  pressure  is  then  ap- 
.<d  to  the  reduced  wetted  area  delineated  by  the  keel  and  spray-root 
os  of  the  planing  body.  In  this  manner,  the  total  force  is  included, 
- it  is  assumed  that  it  acts  over  a slightly  smaller  wetted  portion  of 
planing  body  than  exists  in  reality.  A curve  of  pa /•£  vQ 2 vs.  £a  fitted 
rough  four  points  as  computed  by  the  above  procedure  is  presented 
Figure  13  (solid  line).  This  curve  is  extended  to  a deadrise  angle  of 
' by  comparing  the  average  pressures  obtained  above  with  those  obtained 
the  combined  two-dimensional  theories  used  in  Reference  2 (the  dashed 
rve  of  Figure  13).  This  method  is  analogous  to  the  procedure  used  to 
tend  the  maximum  pressure  coefficient  curve  of  Figure  7,  as  discussed 
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An  expression  for  the  wetted  area,  Ap,  delineated  by  the  keel, 
step,  and  spray-root  lines  of  the  planing  body  projected  onto  the  plane 
of  the  undisturbed  water  surface  is  found  with  reference  to  Figure  1 to 
be 
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Ap  - LkCp  cost  , (7) 

where  represents  the  wetted  keel  length  OK  of  Figure  1 and  Cp  is  the 
wetted  half  beam.  But  from  equation  (IS)  of  Reference  2, 
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A comparison  graph  of  the  values  of  Ap/Lk2  determined  from  the 
underwater  photographs  of  the  present  experiments  and  those  which  result 
from  equation  (9)  above  appears  on  Figure  14-  The  differences  between 
these  values  may  be  attributed  directly  to  the  differences  between  the 
observed  and  predicted  values  of  the  rotted  semi -width,  Cp,  which  result 
from  the  rapid  loss  of  pressure  in  the  region  of  the  step  and  subsequent 
bending  toward  the  Wee!  of  the  stagnation  line  in  thi*  resrion  (see.  for 
example,  Figure  4,  where  the  represented  test  conditions  approach  extreme 
values  of  the  planing  parameters).  Thus,  by  substituting  the  observed 
values  of  Cp  into  equation  (7),  a considerably  smaller  value  for  Ap/Lk 1 
results  than  if  use  were  made  of  the  values  of  Cp  predicted  on  the  oasis 
of  the  assumption  that  there  is  no  curvature  of  the  stagnation  line.  It 
is  pointed  out,  however,  that  the  true  value  of  the  wetted  area  defined 
by  the  observed  stagnation  lines  and  step  differs  from  the  theoretical 
value  in  the  vicinity  of  the  step  only.  This  is  a consequence  of  the  fact 
that  the  observed  stagnation  line  is  essentially  straight  and,  except  in 
the  step  region,  is  in  the  predicted  location.  This  small  difference  will 
be  neglected  in  the  succeeding  development. 


Having  determined  the  average  pressure  and  the  projected  wetted 
area,  expressions  for  the  lift  and  finally  the  theoretical  lift  coef- 
ficient can  now  be  given.  The  lift  is  defined  as 


l - PaAp  , (10) 

and  the  lift  coefficient  based  on  planing  velocity  and  wetted  keel  length, 
as  in  Reference  2,  is 
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(11) 


Substituting  the  right-hand  side  of  equation  (9)  into  equation  (1U)  and 
the  result  into  equation  (11)  gives 
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Since  the  associated  wedge  penetration  velocity,  v0.  is  related  to 
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written  as 


Pa  !v-  sir.r\/sin^a  sina^2 
L , V2  tan/?  ] \ K cost 
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(13) 


The  quantity  pa /-£  vQ2,  plotted  vs.  wedge  deadrise  angle,  appears  on 
Figure  13;  values  of  ( tt/2 ) (sinr/tan/31  are  given  on  Figure  15;  and  values 
of  sin/?a  sin a/K  cost,  the  velocity  ratio,  can  be  found  on  Figure  8. 

The  theoretical  values  which  result  from  equation  (13)  appear  on 
Figure  6 for  comparison  with  experimental  data.  The  theory  predicts  well 
the  type  of  variation  of  C L with  trim  and  deadrise  angles  but  there  is  a 
tendency  for  the  magnitudes  of  CL  predicted  by  the  theory  to  be  slightly 
greater  than  those  measured.  This  is,  of  course,  not  surprising  inasmuch 
as  the  theory  does  not  take  into  account  the.  edge  pressure  losses  exist- 
ing on  the  true  planing  body  in  the  vicinity  of  the  step. 


THE  LIFT  COEFFICIENT  IN  TERMS  OF  ASPECT  RATIO 


It  has  been  pointed  out  in  the  development  of  the  theoretical  lift 
coefficient  that  the  results  can  be  presented  in  graphical  form  only  -- 
a consequence  of  using  the  theory  of  the  immersing  wedge  of  Reference  1. 
For  certain  applications  of  the  theory  of  lift  on  the  planing  body,  it  is 
convenient  to  have  on  hand  a closed  analytic  expression  for  the  lift  co- 
efficient. The  desirability  of  such  an  expression  has  prompted  the  de- 
velopment of  the  following  empirical  expression  for  CL  as  a function  of 
the  planing  geometry. 

A significant  single  quantity  defining  the  planing  geometry  is  the 
wetted  length-beam  ratio,  V , defined  to  be  the  ratio  of  the  wetted  keel 
length,  L-k , to  the  mean  wetted  beam,  Cp , of  the  planing  body.  This  con- 
cept is  a familiar  one  to  both  designers  and  investigators  and  is  there- 
fore selected  as  a basis  for  the  development,  of  an  empirical  expression 
for  CL. 

An  expression  for  k'  in  terms  of  the  planing  body  trim  and  deadrise 
angles  follows  from  its  definition  and  from  equation  (8)  to  be 


2 tan/5 
77  tanr 


(14) 


It  was  found  that,  by  plotting  C,  vs.  k'  cos2/?,  the  theoretical  and 
experimental  values  of  CL  for  the  various  deadrise  and  trim  angle  combina- 
tions considered  on  Figure  6 of  this  report  could  be  adequately  collapsed 
onto  single  curves,  one  theoretical  and  one  experimental.  Figure  16 
shows  the  results  of  such  a pic#t.  Only  the  mean  line  is  shown  through  the 
relatively  small  scatter  of  points  obtained  by  plotting  the  theoretical 
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values.  An  empirical  equation  which  represents  the  experimental  relation- 
ship between  C,  and  cos 2/3  was  obtained  by  fitting  a straight  line  to 
the  experimental  data  points  on  Figure  16.  This  equation, 
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(\‘  COS2S) 


(15) 


represents  Che  data  with  sufficient  accuracy  in  the  range  of  CL  from 
0.0006  to  0.1.  No  experimental  data  which  result  in  CL  values  less  than 
0 0006  are  available,  but  it  ia  anticipated  that  the  empirical  expres- 
sion will  adequately  represent  these  high  deAdrise,  low  trim  angle  plan- 
ing cases.  For  CL  greater  than  0.1,  the  empirical  curve  does  not  agree 
with  the  experimental  results;  however,  these  C,  values  correspond  to  the 
low  deadrise,  high  trim  angle  planing  cases  ana  are  not  usually  of  prac- 
tical interest.  The  planing  phenomena  associated  with  C-L  greater  than  0.1 
are  those  which  have  been  noted  before  to  cause  difficulty  of  analysis 
because  of  the  high  pressure  gradient  in  the  vicinity  of  the  step,  and 
the  associated  reduced  wetted  area.  Some  use  of  the  above  empirical  rela- 
tion will  be  made  in  the  succeeding  section  on  the  stability  derivatives. 


THE  STABILITY  DERIVATIVES 


There  is,  in  the  literature,  a relative  lack  of  analytical  expres- 
sions for  any  of  the  stability  derivatives  which  may  arise  in  a stability 
analysis  of  the  porpoising  of  a chines -dry  planing  body.  A logical  appli- 
cation of  the  theory  derived  in  this  report  to  a practical  planing  problem 
would  therefore  be  in  the  development  of  analytical  expressions  for  these 
derivatives,  as  shown  below.  Only  the  hydrodynamic  derivatives  result- 
ing from  the  lift  force  will  be  discussed.  No  consideration  will  be 
given  to  the  derivatives  arising  from  either  aerodynamic  forces  or  drag 
forces  nor  to  the  questions  connected  with  the  solution  of  the  equations. 
The  derivatives  to  be  developed  will  have  immediate  application  to  any 
linear  stability  analysis  of  the  chines-dry  planing  body  which  may  sub- 
sequently be  made. 


In  the  standard  linear  stability  analysis,  such  as  the  one  pre- 
sented in  Reference  10.  axes  are  fixed  in  space  with  the  origin  located 
instantaneously  at  the  center  of  gravity  of  the  planing  craft.  Two 
coupled  equations  of  motion  are  written  which  express  the  equilibrium  of 
forces  in  translational  and  in  rotational  acceleration.  All  terms  are 
usually  referred  to  the  translation  of  the  C.G.  and  to  the  rotation  of 
the  body  about  the  C.G.  The  evaluation  of  the  necessary  stability  deriv- 
atives in  such  a system  is  somewhat  complicated  by  the  fact  that  a simple 
motion  may  have  several  effects  (i.e.,  a rotary  pitching  motion  about  the 
C.G.  results  in  iuotii  a change  of  wettcu  length  and  a change  in  the  angle 
of  the  keel  relative  to  the  undisturbed  water  surface). 


The  reference  axes  chosen  for  the  present  application  of  the  theory 
are  fixed  in  the  body  at  the  intersection  point  of  the  keel  with  the  un- 
disturbed water  surface,  at  the  trim  and  heave  of  equilibrium  (see  Figure 
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17).  With  this  axis  system,  the  stability  derivatives  take  on  a particu- 
larly simple  form,  thereby  eliminating  the  possibility  of  overshadowing 
the  .underlying  principles  by  the  mass  of  algebra  entering  with  the  inter- 
action effects  referred  to  above. 

Figure  17  shows  the  space-fixed  (x*,z*)  axes  used  in  a standard 
porpoising  stability  analysis  and  the  body-fixed  ( x,z ) axes  used  in  the 
present  analysis.  The  planing  body  is  shown  in  its  equilibrium  state  and 
in  a perturbed  state,  appendix  d contains  the  necessa.ry  transformation 
equations  which  give  the  applicable  stability  derivatives  in  the  (*•,*•) 
system  in  terms  of  those  in  the  ( x,z ) system  which  are  derived  below. 

The  general  reference  system  for  the  current  analysis  is  set  up  as 
follows : 
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Here,  porpoising  is  regarded  as  a coupled  motion  of  pitching  and 
heaving  of  the  planing  body  in  the  x,z -plane;  hence,  only  the  2 -force  and 
M-moment  are  of  interest.  Also,  surging  motion  is  considered  as  being  un- 
coupled and  will  not  be  introduced  (justified  in  Reference  10).  2 and  M 
are  considered  to  be  functions  of  z,  r,  w , and  q which,  subsequent  to  a 
perturbation  from  equilibrium,  can  be  expressed  in  a linearized  Taylor 
Series  expansion  as 


2 = 20  + Zzz  + ZTr  + Zwui  + Zqq 
n ~ M0  + A>ZF  + MTT  Mw'w  + Mqq 


(16) 

(17) 


where  all  deri  Va 1 1 vss  sire  c on  sidered  to  be  constant  and  are  to  be  evalu- 
ated at  equilibrium.  The  first  (zero  subscript)  terms  on  the  right-hand 
side  of  the  above  equations  denote  the  equilibrium  values  of  the  2 -force 
and  M-moment.  The  bar  terms  represent  perturbation  quantities  (e.g., 
r = r - t Q) . The  remaining  terms  (2, , , etc.)  are  partial  derivatives 
wi * h respect  t ^ the  subscript  quantities.  This  subscript  notation  should 
not  be  confused  with  the  usual  subscripts  used  to  designate  the  nature  of 
a parameter,  as  for  instance,  , CL,  C„.  etc.  Linear  perturbation  quan- 
tities are  measured  relative  to  spacc-^ixed  axes,  taken  conveniently  as 
the  initial  position  of  the  present  axes  immediately  prior  to  a disturb- 
ance from  equilibrium.  Angular  perturbations  are  taken  about  the  origin 
of  the  axis  system.  The  M-moment  is  measured  about  the  instantaneous  po- 
sition of  the  leading  edge  of  the  wetted  area. 
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The  above  derivatives  will  be  evaluated  in  terns  of  the  equilibrium 
planing  geometry,  and  the  theoretical  equilibrium  forces  derived  in  the 
present  report.  Again,  it  is  to  be  emphasized  that  the  practical  applica- 
tion of  these  particular  derivatives  to  a stability  analysis  must  be  car- 
ried out  in  an  axis  system  which  treats  the  motion  of,  and  about,  the  C.G. 
of  the  planing  body. 


Z-FORCE  DERIVATIVES 


It  will  be  convenient  in  the  evaluation  of  all  2 -force  derivatives 
except  Zq  to  express  the  instantaneous  vertical  force,  Z,  in  terms  of  the 
dimensionless  lift  coefficient,  CL , as 


Z = (L‘)2V*Cl  , (18) 

which  is  valid  for  any  purely  translatory  motion  (i.e.,  q m 0),  where 


p is  the  mass  density  of  water, 

V is  the  instantaneous  perturbed  planing  velocity  (equilibrium 
value  - y . } , 

i‘  is  the  instantaneous  perturbed  wetted  length  (equilibrium 
value  « ) , and 


r. 

- /. 


i.f . coefficient , constant  for 


a given  cloning  fcuuiclrv. 


The  Z-force  derivatives  are  discussed  below  in  the  order  in  which  they 
appear  in  equation  (16). 


as 


The  vertical  force  change  with  change  in  depth,  Z- , is  expressed 


Z 


2 


= V* 


(19) 


(subscript  notation  is  used  and  all  derivatives  are  to  be  evaluated  at 
equilibrium).  Equation  (18)  may  be  used  to  evaluate  ZL>  as 


Z 


L' 


(20) 


Next,  from  Figure  17,  it  is  clear  that 


(L‘ - LQ )sinr  = 2 


(21) 


where  L'  represents  the  instantaneous  wetted  length  of  the  body,  and  L0 
the  equilibrium  value,  which  is  equal  to  L ^ . Hence, 
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In  equation  (13),  the  lift  coefficient,  C, , is  shown  to  depend  only  on 
the  trim  angle  for  a given  planing  body  deadrise  angle;  therefore, 


(CL>z  ’ 0 


(23) 


Substituting  equations  (20),  (22),  and  (23)  into  equation  (19)  gives 
finally 


Z,  " Zn 

Lj^sinr0  0 


(24) 


The  vertical  force  change  with  change  in  trim  angle,  ZT,  is  given 
by  " " ''  - ' ” 

ZT  =■  ZL,l'T  ♦ ZCl(Cl)t  . (25) 

From  equation  (21),  the  equilibrium  value  of  L' T is  shown  to  be  zero.  Zc 
may  be  evaluated  from  equation  (18)  as 
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The  value  of  (CL)r  is  obtained  from  the  empirical  relation,  equation  (15), 
as 


tn 


5.4 


sin  It. 
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so  that,  finally,  substituting  equations  (26)  and  (27)  into  equation  (25) 
yields 


5.4 

sin  2 tq  Z° 


(28) 


The  vertical  force  change  with  change  in  vertical  velocity,  Z ^ , 
will  be  derive  d bel  cw.  following  a brief  outline  of  the  approach  taken  in 
its  development. 

The  effect  of  vertical  velocity  on  a planing  body  at  a given  trim 
angle  may  be  treated  in  terms  of  its  equivalent  effect  on  the  horizontal 
motion  of  the  stagnation  line  or  planing  velocity.  This  has  been  demon- 
strated in  the  derivation  of  equation  (4).  Thus,  a vertical  velocity  of 
magnitude  t»  gives  rise  to  an  incremental  planing  velocity  of  magnitude 


Vi  = — , (29) 

‘ tanr 

yielding  a resultant  planing  velocity 

V -va  + Vi- va  + 


tanr 


(30) 
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Since  the  planing  velocity  or,  equivalently,  the  velocity  of  the  stagna- 
tion line  has  played  such  an  important  role  in  the  theoretical  determina- 
tion of  the  loads  and  pressures  on  a planing  body  (see,  for  instance, 
appsndix  c),  it  was  decided  to  treat  the  change  in  Z-force  with  vertical 
velocity  in  terms  of  the  change  in  2-force  with  planing  velocity.  Thus, 

Zw  ” ZvV9  * ZCl(Cl)9  , (31) 

where  (CL)W  is  zero  since  it  is  evaluated  at  constant  wetted  length-beam 
ratio,  X'  , and  by  equation  (15)  is  independent  of  w.  Finally,  using  equa- 
tion (10)  for  Zv  and  (30)  for  Vw  gives 


2. 


(~PV*LkaCL) 
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Fetanr0 


(32) 


vertical  force  change  with  change  in  angular  velocity,  Z_,  cun- 
sated  in  a manner  analogous  to  that  used  for  the  other  deriva- 


tion is  no  longer 
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tives  since  the  «*pre**ion  for  Z (equation 
is  a consequence  of  the  fact  that,  for  the  caae  9 7*  0,  the  instantaneous 
perturbed  planing  velocity,  V,  ia  indirectly  a function  of  the  distance 
between  a aection  of  the  body  and  the  leading  edge  of  the  wetted  area. 
Hie  direct  dependence  of  2 on  9 is  in  the  penetration  velocity  of  the  as- 
sociated wedges  ir.  plsnes  normal  to  the  stagnation  line.  Accordingly,  for 
Ui?  '.  =£  <;  *0,  the  dr  * . ..tive  with  respect  to  9 will  have  to  be  approached 
by  l method  which  takes  into  account  the  variation  in  conditions  from 
one  such  section  of  the  body  to  the  next.  This  latter  method  involves 
setting  up  expressions  for  the  contribution  to  the  total  Z-force  by  an 
arbitrary  narrow  slice  of  the  planing  body  in  a section  perpendicular  to 
the  stagnation  line,  differentiating  it  with  respect  to  9,  and  finally 
integrating  over  the  entire  wetted  portion. 


An  incremental  slice  of  the  wetted  bottom  of  the  planing  body  normal 
to  the  stagnation  line  defines  a wedge.  Relationships  have  been  estab- 
lished for  the  associated  deadrise  angle,  /5a , and  for  the  average  pres- 
sure coefficient,  Pa/-$-v02,  of  this  wedge.  These  quantities  are  invariant 
with  respect  to  9 since  they  are  both  geometrically  determined  and  inde- 
pendent of  velocity.  Therefore,  with  reference  to  Figure  I?,,  the  follow- 
ing relations  are  established  for  the  incremental  lift  forces,  dZ j and 
dZ2,  contributed  by  the  one-sided  wedges  in  such  sections: 


dZ , = — — — — v 2tana  cos  i dl 

W2 


(0  < ft,  < Lk  cos  a)  (33) 


dZ 


Pa  P 


2 p . 2 ’s 


vs2(Lk  seca  - i)cota  cos^a  dl 


7 v< 


(Lk  cosa  < SL  < Lk  aeea)  , (34) 


where 


% 
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H is  the  distance  between  a section  of  the  body  and  the  leading 
edge  of  the  wetted  area  measured  along  the  stagnation  line,  and 

vs  is  the  resultant  penetration  velocity  of  the  equilibrium  maxi- 
mum pressure  point  in  this  section  (see  following  discussion). 

It  may  be  noted  on  Figure  18  that  « has  a varying  effect  on  the 
wedge  penetration  velocity  ir.  a section  normal  to  the  stagnation  line. 
Thus,  the  keel  of  the  wedge,  being  at  a greater  distance  from  the  axis  of 
q,  has  a greeter  induced  penetration  velocity  than  other  points  on  the 
wedge.  It  is  arbitrarily  assumed  that  this  variable  penetration  velocity 
along  the  wedge  may  be  replaced  by  a constant  penetration  velocity  equal 
to  the  resultant  vertical  velocity  component  of  the  equilibrium  maximum 
pressure  point  on  the  wedge  subsequent  to  q.  This  assumption  is  founded 
on  the  premise  that  the  flow  in  the  vicinity  of  the  spray-root  area  of 
the  wedge  is  the  controlling  factor  in  a determination  of  loads.  Thus, 

va  " vo  + 9^  coaa  . (35) 

• 

where  v0  is  the  equilibrium  penetration  velocity  associated  with  planing 
(see  equation  (1)).  Substituting  the  right-hand  side  of  equation  (35) 
into  equations  (33)  and  (34),  and  then  evaluating  the  derivatives  with 
respect  to  q at  equilibrium  results  in 


D_ 


(dZx)q  - p — vci‘  aina  cotPa  di 
~2  vo* 


and 


u„  . cos  a 

(dZ^q  - p - v0i  sina  (Lk  seca  -l) cos/3fl  dl 


P 2 

7 V 

Finally,  after  considerable  computation,  Zq  is  found  from 

fi;co«a  ca 


Zq”2j‘  (dZ  i )g  + 2j  (dZ2)q 


to  be 


L^cosa 


Z„  4 (1  * cos*a)  . 

P/ 


q 3 V„cosr0  \ V0 


cos 


/ or  \ 
\ / 


(37) 


(38)" 


(39) 


In  the  derivation  of  equation  (39),  the  following  definition  of  the  equi- 
librium Z-fprce  has  been  used: 


Zo  = PaLkcP  COST 


(40) 


* Tha  fietor  2 tiCtti  by  the  tymmelty  of  (licet  o»  both  side*  of  tbe  pltaiag  body. 
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The  significant  physical  considerations  used  in  establishing  the  expres- 
sion for  Za  are  (1)  the  total  lift  on  a planing  body  may  be  treated  as  a 
summation  of  effects  which  occur  in  sections  normal  to  the  stagnation 
line,  (2)  the  average  pressure  coefficient  is  a geometrically  determined 
constant  which  is  independent  of  q,  and  (3)  the  resultant  motion  of  the 
equilibrium  maximum  pressure  point  in  sections  normal  to  the  stagnation 
line  is  assumed  to  determine  the  motion  of  the  entire  section. 


> 

1 

I 


f 
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M-MOHERT  DERIVATIVES 


In  order  to  evaluate  the  required  moment  derivatives  with  the  ex- 
ception of  tfq,  an  expression  must  be  developed  for  the  moment  about  the 
instantaneous  leading  edge  of  the  wetted  area  in  terms  of  the  instantane- 
ous wetted  length,  L' , and  the  instantaneous  2-force.  This  expression 
will  be  based  on  the  lift  theory  developed  in  this  report  and  will  be 
true  for  any  purely  transiatory  motion  (i.e.,  q *■  0). 


It  is  necessary  to  establish  expressions  for  the  incremental  mo- 
ments, dtf.  and  d¥.„,  about  an  axis  through  the  leading  edge  of  the  wetted 
area  and  parallel  to  the  y-axis,  which  are  contributed  by  slices  of  the 
wetted  portion  of  the  planing  body  normal  to  the  stagnation  line.  Re- 
ferring to  Figure  18,  these  expressions  are  as  follows: 

= (0.4./  tana  sir.a  + £ccsa)dZ  k (0  < £ < //cosa)  (41) 

and 

dU2  = (0.6f!  cosa  + 0.4  L‘)aZ2  (L'cosu.  < £ < L ‘ scca)  . (42) 


The  quantities  multiplying  a'Z.  and  dZ  2 are  respectively  the  distances 
from  the  moment  axis  to  the  center  of  pressure  in  the  normal  sections  for 
(0  < H < L'  cosa)  and  (L' cosa  < < L‘  seca).  From  Figure  12,  the  center 

of-pressure  location  on  the  wedges  in  these  normal  sections  was  found  to 
be  approximately  0.6  Cs'  (see  Figure  18)  for  values  of  0a  from  20°  to  40°. 
Little  significant  variation  frolii  this  value  is  expected  for  other  rea- 
sonable values  of  fia.  The  total  moment,  M,  is 


,r 


COBOL 

dM. 


L* c o*a 


(43) 


Substituting  the  values  of  dZt  and  dZ2  obtained  from  equations  (33) 
and  (34)  into  equations  (41)  and  (42),  inserting  the  result  into  equa- 
tion (43),  and  integrating  gives 


9 

M * — Fx(a)L‘Z  (44) 

o 

as  the  expression  for  M in  terms  of  the  instantaneous  wetted  length  and 
Z -force,  where 

F}(a)  = cos2a(0.4  sin2 a + cos2a) 

+ esc  2a( 0 . 6 cos  6a  — 0.3  cos*a 


1.2  cos2a  + 0.9)  . (45) 
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The  variation  of  Fjfa)  with  a,  the  angle  between  the  stagnation  line  and 
keel  of  the  planing  body,  is  shown  in  Figure  19.  It  is  seen  that  the  val- 
ue of  FjCa)  =■  1 is  valid  for  all  practical  purposes;  therefore, 

. (46) 

This  two-thirds  value  has  been  experimentally  verified  by  some  previous 
landing  tests  of  Vee -bottom  surfaces  prior  to  chine  immersion  (Refer- 
ence 11). 

From  equation  (46),  the  moment  derivatives  Mz , MT,  and  are 
easily  obtained  in  terms  of  the  corresponding  Z-force  derivatives  and 
subsequently  in  terms  of  the  equilibrium  planing  geometry  and  Z-force. 
These  derivatives  are  discussed  below: 


The  pitching  moment  change  with  change  in  depth,  Mz  , is  expressed 


as 


2 . , „ 


»2  " — + ~ L 1*0 
*3  <3 


/ 4 W \ 
; 


which  becomes,  using  equation  (22)  for  l'7, 
2 2Z„ 


=jLkzz + 5- 


sinr. 


(48) 


Equation  (24)  is  used  to  express  Zz  in  terms  of  the  equilibrium  Z- force, 
ZQ.  Thus, 

2Z„ 

(49) 


u = 
2 


sinT 


by 


The  pitching  moment  change  with  change  in  trim  angle , Mr , is  giyen 


• i y 

Ml  - — LuZ-  + — ZnL 


(50) 


As  previously  shown  (page  21),  L 'T  =0.  Finally,  using  equation  (28)  to 
obtain  ZT  in  terms  of  ZQ  results  in 


u 

• T 


3.6 

sin  2tq 


I . 7 
-R-O 


(51) 


The  pitching  moment  change  with  change  in  vertical  velocity,  is 

given  By 


~ J L'kZW  + 3 Zo^  w 


(52) 


If  '•#*  ' Of"'  ’WT  "1*w  -sxn 
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Z is  obtained  in  terms  of  20  by  using  equa- 


(53) 

The  pitching  moment  change  with  change  in  angular  velocity,  M q, 
must  be  treated  in  a manner  analogous  to  Z q inasmuch  as  equation  (46)  is 
no  longer  valid  for  rotational  motion.  Knowing  this,  the  expreaaions  for 
dM,  and  dU2  oust  be  first  differentiated  with  respect  to  q and  then  inte- 
grated over  the  wetted  area  to  obtain  Mq . 

The  following  derivatives  may  be  obtained  from  equations  (41)  end 

(42): 

(dMi)q  ■ (0.4^ ‘.ana  sina  + i coia )(dZl)q  (54) 

(dM1)q  - (O.6j0cosa  + 0.4  Lk)(dZ 2)q  . (55) 

Vinaliy,  after  the  expressions  for  (dZ.Jq  and  (dZt)q  evaluated  at  equi- 
librium are  inserted  into  equations  (54)  and  (55)  and  the  resultant  ex- 
pressions are  integrated  over  the  wetted  area,  the  result  is 


At  equilibrium,  L 
tion  (32).  Hence, 


*4 


Mm  - „ 

w tanr0 


zoLk2  fv.\  ( cos/3  \ 

M_  - — — \F.fa){ j»] 

9 3^008 t0\v0)  \coapJ 

where 

F2( a)  * csc2cl [1 . 8 cos8a  + cos*a(3  sin2a  - 0.8) 

+ cos4a(l.25  sin4a  - 2.4)  + 1.4) 
A plot  of  Fy( a)  vs.  a is  shown  on  Figure  19. 


(56) 


(57) 


REMARKS 

A summary  of  all  the  stability  derivatives  derived  above  is  pre- 
sented in  Table  II.  The  following  are  believed  to  be  the  significant 
factors  distinguishing  this  analysis  from  any  other: 


(1)  With  the  exception  of  Z „ and  Mr,  the  above  derivatives  have 
been  expressed  in  terms  of  the  theoretical  equilibrium  lift  force,  which 
can  be  obtained  once  the  deadrise  and  trim  angles  of  the  body  are  known. 


(2)  The  theory  has  allowed  for  the  evaluation  of  all  the  derivatives 
with  full  cognizance  being  taken  of  the  variation  of  CL  with  the  quanti- 
ties z,  v,  r,  and  q. 


CONCLUDING  mlmARKS 


A theory  of  the  pressure  distribution  and  load  on  a three-dimen- 
sional prismatic  planing  body  has  been  developed  in  this  report,  subject 
to  the  usual  assumptions  regarding  the  flow  about  the  body,  which  are: 
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(1)  The  fluid  is  incompressible  and  inviscid. 

(2)  The  gravity  forces  may  be  considered  negligible  in  comparison 
with  the  dynamic  forces  of  the  fluid. 


The  proposed  theory  treats  the  flow  about  the  planing  body  in  planes  per- 
pendic  ular  to  its  stagnation  line  to  be  equivalent  to  the  two-dimensional 
flow  about  an  immersing  wedge.  In  this  way,  the  present  study  derives 
pressure  distributions  in  sections  of  the  body  perpendicular  to  the  stag- 
nation line,  and  total  loads  acting  on  the  body  over  a wide  range  of  plan- 
ing conditions.  Additional  special  assumptions  were  required  to  treat  the 
three-dimensional  planing  case  in  terms  of  a corresponding  two-dimension- 
al theory.  These  are: 

(3)  There  exists,  on  the  pianing-body  bottom,  a stagnation  line 
which  is  defined  as  the  locus  of  points  of  maximum  pressure. 

(4)  The  flow  along  the  stagnation  line  has  a uniform  velocity  which 
is  the  component  of  the  freestream  velocity  in  the  spatial  di- 
rection of  the  stagnation  line. 


All  the  assumptions  appear  reasonable  on  the  basis  of  the  good  agreement 
found  between  the  theoretically  predicted  and  measured  maximum  pressures 
and  pianing  loads. 


The  results  of  this  study  are  presented  for  the  most  part  in  graph- 
ical form  since  the  theory  of  the  two-dimensional  penetrating  wedse  which 
was  used  is  available  in  this  form  only.  The  graphs  include  theoretically 
determined  variations  of  both  the  dimensionless  maximum  pressure,  based 
on  planing  stagnation  pressure,  and  the  lift  coefficient,  based  on  wetted 
keel  length,  planing  velocity,  and  fluid  density,  with  the  geometric 
planing  parameters  of  trim  and  deadrise  angles.  The  maximum  pressure  co- 
efficient compares  well  with  experimental  data  obtained  from  landing  tests 
of  planing  bodies  with  deadrise  angles  of  22}A°  and  30°  over  trim  angles 
ranging  from  0.2°  to  30°.  The  variation  of  the  theoretically  predicted 
lift  coefficients  with  body  parameters  shows  good  agreement  with  the  mea- 
sured variation  over  the  ranges  10°  < £ < 40°  and  2°  < r < 12°.  The  mag- 
nitudes of  the  theoretical  lift  coefficients  are  slightly  greater  than 
the  measured  ones.  This  may  weli  be  expected  since  the  theory  does  not 
accurately  reproduce  the  loss  of  pressure,  or  local  ioad,  which  is  be- 
lieved to  occur  at  the  step  of  the  planing  body. 


The  results  of  the  theory  are  in  a generally  applicable  form  as 
demonstrated  by  the  development  of  stability  derivatives  which  can  be 
used  in  a linear  porpoising  analysis.  The  physical  picture  of  the  planing 
body  afforded  by  this  theory  will  be  useful  in  future  design  and  analysis 
work  of  planing  bodies. 
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APPENDIX  B 

DERIVATION  OF  THE  ASSOCIATED  DEADRISE  ANGLE 
‘ IN  TERMS  OF  THE  PLANING  BODY  GEOMETRY 


The  associated  deadrise  angle  has  been  defined  in  the  text}  as  the 
deadrise  angle  of  the  two-dimensional  immersing  wedge  associated  with  the 
passage  of  a planing  body  through  a plane  which  is  stationary  in  space 
and  oriented  normal  to  the  stagnation  line  of  the  body.  In  the  present 
derivation,  this  is  the  angle  made  between  the  line,  of  intersection  of 
the  stationary  plane  and  the  body  surface,  and  this  plane  and  the  water 
surface. 

The  task  of  deriving  an  expression  for  the  associated  deadrise 
angle  in  terms  of  the  trim  and  dsadrise  angles  of  the  planing  body  there- 
fore becomes  simply  a problem  in  geometry.  The  axis  system  is  fixed  at 
the  leading  edge  of  the  wetted  area,  with  the  x-axis  positive  in  the  di- 
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rection  of  motion,  the  z-axis  positive  vertically  downward,  and  the  y-axis 
positive  to  starboard.  With  the  direction  cosines  of  the  upward  direction 
of  the  stagnation  line  on  the  starboard  side  of  the  planing  body  and  the 
keel  line  denoted  by  (Xj./ij,  p.)  and  (X2,  /i*  . v. ) , respectively,  the 
equation  of  the  planing  surface  bottom  on  the  starboard  side  may  be  writ- 
ten as 


/*!  V1 

Vl  kl 

Xj  Mi 

X + 

y + 

^2  V2 

v - X. . 

z z 

X. 

4 

The  equation  of  the  plane  normal  to  the  stagnation  line  on  the  starboard 
side  and  passing  through  the  origin  is 


\jX  + /Zjy  + PjZ  ■ 0 

and  the  equation  of  the  water  surface  is,  of  course, 


(B-2) 


z - 0 


(B-3) 


A set  of  direction  numbers  for  the  upward  direction  of  the  line  of 
intersection  between  the  plane  normal  to  the  stagnation  line  and  the 
plane  of  the  bottom  is  obtained  from  equations  (B-l)  and  (B-2)  to  be 


-u.  0 vl 

Xj  ~Vj  0 

0 Mi  ~ki  • 

vl  Kl 

f 

V\  Xi  ^ 

• 

vx  ki 

Xj  p. 

V»  x 2 ^2 

V2  X2  ^2 

The  starboard-side  direction  of 
mai  plane  ana  Luc  plane  of  t-hc 


the  line  of  intersection  between  the  nor- 
sa ter  surface  has  the  direction  numbers 


(Mi  . -X,  , 0)  . (B-5) 

With  the  direction  cosines  associated  with  the  direction  numbers  in  (B-4) 
and  (B-5)  denoted  by  (alf  £j,  y1)  and  (aJ(  , y 2) , respectively,  then 


cos/3a  = ajttj  + /3j/32  + 7j72  , (B-6) 

where  is  the  angle  between  the  lines  of  intersection  of  the  normal 
plane  with  the  body  and  with  the  water  surface  and  is  therefore  the  de- 
sired associated  deadrise  angle.  Using  the  expressions  given  by  equations 
(13a),  (13b),  and  (13c)  of  Reference  2,  corrected  to  the  starboard  side 
for  (X,,  yuj.  v,),  and  using  (cost,  0,  -sinr)  for  (X2,  /u2,  v2 ) results  in 

( K - sin2/3)/sin/3 


[{l/sin2r)  + (K2/sin2/i  cos2t)]* 
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*1 


r, 


cosfS/ainr 

[(l/ain2r)  + (K2  / sin2/i  coa2r)]x 

-( K tanr/ain/3  + ain/S/tan r) 
[(l/ain2r)  + (K2/sin2/3  cos2r)]x 

K tanr/tan/3 


r t a r.\i 

lyt\  u&n  • / 


+ \X  tar.r  si  nr) 2 + cos2"  + 2X  sin2T]x 


-(coa r + K tan r ainr) 

[(K  tanr/tan/5)2  + (K  tanr  ainr)2  + coa2r  + 2K  ain2r]x 


r2  " o , 

“her*  r and  ,6  are  respectively  the  trim  and  deadrise  angles  of  the  plan- 
ing body,  and  the  quantity  K is  a function  of  deadrise  angle,  defined  in 
Reference  2 as  the  ratio  of  two  distances  --  one  from  the  centerline  of 
an  immersing  wedge  to  the  maximum  pressure  point,  and  the  other  from  this 
centerline  to  the  atill  water  intersection  point,  respectively.  This  def- 
inition shows  K to  be  a function  of  the  planing  body  deadrise  P since  the 
immersing  wedge  in  Reference  2 has  the  same  deadrise  as  the  planing  body. 
Shown  in  Figure  B-l  (page  59)  is  s curve  of  K vs.  wedge  deadrise  sngle 
obtained  from  the  results  of  Reference  1.  The  curve  may  be  used  to  obtain 
K for  the  purposes  of  calculating  a1(  above  if  the  wedge  dead- 
rise angle  in  Figure  B-l  is  taken  as  fl. 


APPENDIX  C 

DERIVATION  OF  EQUATION  (1) 


The  reader  is  referred  to  Figure  1 for  the  following  development  of 
the  penetration  velocity  of  the  associated  immersing  wedge  since,  in  this 
Figure,  true  view  dimensions  of  the  planing  body  are  clearly  represented. 
The  derivation  is  a result  of  the  mathematical  statement  of  the  physical 
condition  discussed  in  the  text,  namely,  to  an  observer  fixed  in  a sta- 
tionary plane  taken  normal  to  the  stagnation  line  of  the  planing  body, 
the  motion  of  this  stagnation  line  in  the  plane  must  be  equivalent  to  the 
motion  of  the  traveling  maximum  pressure  point  of  the  immersing  two- 
dimensional  wedge  which  represents  the  planing  surface. 

In  Figure  1,  the  distance  that  the  body  must  travel  in  the  x-direc- 
tion  in  order  that  the  stagnation  line  pass  completely  through  the  sta- 
tionary plane  is  0Kl  cost.  At  the  time  when  the  point  Sj  -jn  the  step  en- 
ters the  stationary  plane,  this  plane  intersects  the  extended  keel  line 


at  Kl.  It  can  be  verified  that  the  length  S x measured  in  the  plane  of 
the  planing  surface  bot  tOiii  15 
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S.K.  = jr= 

1 1 cosp  cosa 


(C-l) 


where  Cs  is  the  labeled  distance  from  the  centerline  plane  to  the  inter- 
section of  the  stagnation  line  and  step,  and  where  a is  the  angle  between 
the  keel  and  stagnation  line  of  the  planing  surface.  Also, 

S,K, 

OK  j = — r — - . (C-2) 

s ina 


The  time,  t,  taken  by  the  body  to  traverse  the  distance  OK l cos r at 
the  planing  velocity  V * is 


0K1  cost 


1^-0/ 


To  an  observer  fixed  in  the  stationary  plane,  it  then  appears  that  the 
traveling  maximum  pressure  point  of  the  associated  deedrise  wedge  is  mov- 
ing outboard  along  the  wedg*  with  velocity  v1,  where 


which,  by  (C-l),  (C-2),  and  (C-3),  is 


/ 


II 


v sina 

COST 


/ n 
\ v>- 


c \ 
J / 


The  remaining  problem  is  to  relate  the  penetration  velocity,  vQ,  to 
this  velocity  outboard  along  the  wedge.  To  this  end,  consideration  will 
be  given  to  the  flow  field  of  the  immersing  wedge  of  deadrise  £a  in  the 
stationary  plane  (Figure  2).  In  this  Figure  are  labeled  the  analogous 
distances  which  appear  in  Figure  1,  namely,  y',  Cs ' , and  Cp' , which  are 
the  distances  from  the  centerline  plane  to  the  still  water  intersection, 
to  the  maximum  pressure  point,  and  to  the  spray  root,  respectively. 
Clearly,  from  this  Figure, 


(C-6) 


where  the  dot  indicates  time  differentiation. 


The  flow  about  an  immersing  wedge  changes  with  time.  However,  this 
time  variation  of  the  flow  is  in  reality  a spatial  expansion  or  growth  of 
a single  flow  pattern.  Hence,  if  certain  relations  between  distances  in 
the  flow  pattern  hold  true  for  one  time,  they  are  invariant  for  all  times. 
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This  condition,  which  may  be  termed  a "similarity  of  flow  condition," 
gives 

Cp'-ey‘  . (C-7) 

or,  equivalently, 


e v 


SL 


tan/3a 


(C-8) 


it  also  gives 

<V  - Ky'  . (C-9) 

Here,  e and  K are  constants  for  any  given  deadrise  angle.  It  will  be 

shown,  however,  that  s disappears  in  the  succeeding  development  so  that 
the  final  equation  depends  on  K only. 


The  curve  of  Figure  B-l  shows  K vs.  wedge  deadrise  angle.  This 
curve  may  be  used  to  obtain  K vs.  if  the  wedge  deadrise  angle  in  this 
Figure  is  taken  as  Pa.  It  is  noted  that  Figure  B-l  was  also  used  to  ob- 
tain K vs.  /S,  the  planing  body  deadrise  angle  (see  appendix  b,  page  32). 
These  two  uses  are  possible  only  if  it  is  assumed  that  the  physical  flow 
pictures  in  planes  normal  to  the  keel  and  normal  to  the  stagnation  iine 
both  are  well  represented  as  an  immersing  wedge. 

Combining  eauations  (C-7)  and  (C-9)  and  differentiating  with  re- 

• * ....  _ --  — — 

■ n#i»r  r a rim*  vi  v»a 

~ f — — o- * — 


(C-10) 


which,  when  substituted  into  equation  (C-6),  results  in 


, K tp1 

v'  m 

e Cobo 


(C-ll) 


Finally,  if  the  right-hand  side  of  equation  (C-8)  is  used  for  C ' and  the 
right-hand  sides  of  aquations  (C-S)  and  (C-ll)  are  equated,  the  relation 


sin4a  sina 
K cost 


in 

\V*“ 


io\ 
A*  / 


is  obtained.  It  should  be  remembered  from  equation  (C-9)  that,  here,  K is 
considered  as  a function  cf  0a . For  computational  purposes , use  is  mads 
of  the  following  relation  for  tana,  which  was  obtained  from  equation  (15) 
of  Reference  2: 

““‘-TOT1  ' tc-13> 

Curves  of  v0/VK  vs.  r with  Pa  as  parameter  appear  on  Figure  8. 


R-49? 

-35- 


APPENDIX  D 

DEVELOPMENT  OF  TOE  TRANSFORMATION  EQUATIONS 
WHICH  RELATE  THE  "STANDARD  PORPOISING  STABILITY  DERIVATIVES" 
TO  THOSE  DERIVED  IN  THIS  REPORT 


In  this  study,  "standard  porpoising  stability  derivatives"  are  de- 
fined as  those  hydrodynamic  force  and  moment  derivatives  of  use  in  a 
linear  porpoising  stability  analysis  and  derived  from  motions  of,  and 
about,  the  center  of  gravity  of  the  planing  body.  These  differ  from  the 
stability  derivatives  previously  considered  in  the  body  of  this  report  in 
that  the  latter  are  derived  from  motions  of,  and  about,  the  leading  edge 
of  the  wetted  area  of  the  planing  body. 


The  two  axis  systems  which  delineate  the  above  reference  systems  are 
shown  in  Figure  17.  They  are  the  space- fixed  (x*,z*)  axes  and  the  body- 
fixed  (x,z)  axes.  The  latter  are  fixed  in  the  planing  body  at  the  equi- 
librium point  of  intersection  of  the  keel  with  the  undisturbed  water  sur- 
face and  are  fixed  in  orientation.  The  planing  body  is  shown  in  Figure  17a 
in  its  equilibrium  planing  condition,  and  in  Figure  17b  in  an  arbitrary 
perturbed  state,  where  the  body  has  been  displaced  and  rotated  about  the 
C.G.  In  Figure  17b,  the  coordinate  system  fixed  at  the  initial  leading 
edge  of  the  wetted  ares  is  displaced  distances  x and  z from  its  initial 
state  (denoted  by  0),  ud  the  center  of  gravity  is  displaced  Irom  its 

z*...  The  relations  between  these  dia- 


lnif.ifil  state  nv  m s ta t.  .es  x:  . ano 

. c«,  ou 

placements,  with  the  e fleet  of  a cr.ar.g 

of  gravity  taken  into  account,  are 


i n ni  Ink  n n (r  I ■ nnnnr  rh 
* “ f*  **w‘*  — 


x = .rJG  + b (sin6  - sin<?0)  + a(cos£  - cosdQ)  (D-l) 

z = z*G  + b (cosS  - cos SQ)  - a (sine?  - sin#0)  , (D-2) 


where  the  distances  a and  6 are  respectively  the  perpendicular  distance 
from  the  C.G.  to  the  perpendicular  to  the  keel  at  the  point  G,  ana  the 
perpendicular  distance  from  the  C.G.  to  the  keel  (note  Figure  17).  The 
first  terms  on  the  right-hand  side  of  (D-l)  and  (D-2)  are  the  changes  in 
x and  z due  to  pure  displacement  of  the  C.G. ; the  remaining  terms  are  the 
changes  in  x and  z due  to  pure  rotation  about  the  C.G- 

Equations  (D-l)  and  (D-2)  mav  be  differentiated  to  give  the  rela- 
tions between  ve iocities  in  the  two  systems.  Furthermore,  since  the  angles 
and  angular  rates  of  the  two  systems  are  identical,  the  resulting  equa- 
tions relating  forces,  moments,  displacements,  and  velocities  between  the 
two  systems  are : 


zN 

M - aN : — = M* 

sin  t 


(D-3) 
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2 *2*  (D-4) 

* * *GG  + b(sin$  - sin$0)  + o(co»5  - cos 6Q)  (D-5) 

i - z£g  + 6(cos^  - cos#0)  - a (sin#  - sin#0)  (D-6) 

a - uqq  + bq*cos6  — a<2*sin  0 (D-7) 

u>  = »*G  - bg’sin#  - ag*cos#  ID-8) 

t • 6 (D-9) 

q = q*  , (D- 10) 


where 

U 


M • 

N 

7*.  q 


lit  ~ 


is  the  moment,  about  the  instantaneous  position  of  the  lead- 
ing edge  of  the  wetted  ares; 

is  the  moment  about  the  C.G. ; 


is  the  resultant  force  normal  to  the  keel; 


are  the  pitching  angular  velocities  of  the  body  about  the 
C.G.  and  the  origin  of  the  ( x ,z ) coordinate  system,  re- 
spectively; 


atv  velocities  of  the  center  of  the 

1 vp  J’n  no-«r»f  f)  • 

- — — — — • ~ --  r ~ ••*  • v » 


iioorainatft  system 


uc«'*cg  are  velocities  of  the  C.G,  along  the  x*  and  * * coordinate 
axes,  respectively; 

Z*  » 2 is  the  vertical  force; 

t m 6 is  the  trim  angle  of  the  body. 


In  a linear  analysis,  it  is  permissible  to  replace  the  normal  force  N by 
the  vertical  force  2.  This  substitution  is  made  in  the  following  develop- 
ment . 


Consider  the  following  functional  relations; 

Z*  - Z(x,  z,  u,  is,  T,  q) 

U*  - Af*(x,  z,  u,  v,  T,  q) 

After  applying  the  "chain  rule"  of  partial  differentiation,  equations 
(D  3)  through  (D-10)  sre  used  to  arrive  st  the  following  resultant  ex- 
pressions : 


Z*w»  - 2V 

C G 
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Z*0  ■ ZT  - Z^(b  sin0o  + a co s8Q) 

Z*g • = Zg  - Zu(-b  co&&0  + a sin0o)  - Zw(6  sin0o  + a cos 60) 

M\.  - (mz  - aZ2  - 

cg  \ Z 2 »mT0>/ 

*'\*c  “ (**  ~ «*.) 

/ Z \ 

* * ,5  5=1  .4#t  — aZT  - j m 2 — s2,  — . - I ( b Siii50  + a cos£_) 

\ sinroy 


- - _ £ j.  _ e V 

OAII^q  ■ U kOS^g/ 


W*q»  " Wq-oZq  - (Mn-aZu)(-b  cob9q  + a sin0o)  - ^ -aZ^K6  sim90+a  cos#0) • 

These  are  the  transformation  equations  which  give  the  stability  deriva- 
tives in  the  {**,**)  coordinate  system  m terms  of  those  denveu  in  the 
text,  namely,  those  in  the  (x , z ) coordinate  system. 
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TABLE  I 

TABULATION  OF  TEST  DATA  AND  RESULTS 


TEST  PARAMETERS 

TEST  RESULTS  j 

Trl*  Angle,  r, 
deg. 

Load,  A, 
lb. 

Wetted  Length,  Ly, 

betas  * 

Wetted  Width,  2 C_, 

beans  p 

Lift  Coefficient,  C'L  j 

P - 

io°  

Vn  ■ 24.7  ft./eec. 

2 

2.40 

0.  93 

0.64 

0 00837 

2 .40 

0.98 

0 64 

0. 00769 

S.40 

119 

0.76 

0. 00726 

3.40 

1 . 12 

0.74 

0. CSS17 

4 

4.91 

0.50 

0 62 

0.0592 

4 . $1 

0 48 

0.64 

0.0642 

5.91 

0.58 

0 .72 

0.0531 

5.91 

0.58 

0.76 

0.0531 

6 

4.92 

0.36 

0.  64 

0.1145 

491  5 038 

0.60 

0.  1007 

4.92 

0 36 

0.62 

0.1145 

6.92 

0.49 

0.74 

0.0871 

6.92 

0.  48 

0 74 

0 0904 

6.92 

0.42 

0.70 

0. 1187 

6.92 

0.46 

0.76 

0.0988 

e 

4.93 

0.22 

0. 50 

P.S102 

4.93 

0.22 

0.52 

0.3102 

6.93 

0 30 

0.  66 

0.2264 

6.93 

0.35 

0.70 

0 . 1732 

6 93 

0.35 

0.70 

0.1732 

6.93 

0 . 34 

0 66 

0.1811 

9.93 

0 36 

0.78 

0.2311 

10 

5.94 

0 29 

0.74 

0.2148 

5.  94 

0.23 

0.58 

0.3364 

5 . 94 

0 24 

0.60 

0 3153 

6.  94 

0 .30 

0.64 

0 2305 

6 . 94 

0.30 

0.64 

0.2305 

12 

4.95 

0.  18 

0 5 0 

C . 4 £70 

6.95 

0 20 

0.48 

0 5133 

6 . 95 

0 . 7.  C 

0 42 

0 ..5133 

, 

£ = 

20° 

VM  = 24.6  ft./eec. 

2 

1 . 9C 

2 13 

0 58 

0 00128 

1 . 90 

2 12 

0.58 

0. 00129 

i ♦ 

1 .90 

0 8U 

A 1J 
V . *•  ^ 

0 00907 

2 . 90 

0 . 92 

0 54 

0 0104 

2 . 90 

0 92 

0.  4? 

0 0104 

6 

3 . 90 

0.59 

0 46 

0 0336 

4 . 40 

0 58 

0.  54 

0. 0325 

a 

4 . 90 

0.44 

0.  66 

0.  0766 

4 . 90 

0 46 

0.4  8 

0. 0702 

4 . 90 

0 43 

0 4 5 

0 0844 

! 

3 . 50 

0 40 

0.  42 

0 0748 

12 

2 . 90 

0 21 

0.  30 

0.2  00 

2 . 90 

0 19 

0.30 

0.250 

3.90 

0.23 

0 . 36 

0.225 

c<  = 

30° 

Kj,  = 24.6  ft./eec. 

A 

1 .69 

3.20 

0.  52 

0. 000552 

1 . 85 

1 • 6 J 

a r A 
w . «/  » 

a nnfKn 

3.85 

: 4.42 

0 56 

0. 000657 

3 .85 

4.54 

G . 75 

A AftfttVJ 

1.85 

3.24 

0.  56 

0. 0C0566 

3 .85 

4.41 

0.72 

0 . 000657 

4 

3.85 

1.76 

0.  58 

0. 00381 

3.85 

j 1.76 

0 56 

0 88381 

3.85 

I ‘76 

0.59 

0. 00381 

1 85 

r i.27 

C 40 

0 89352 

1 85 

j 1.27 

0.40 

0. 00352 

6 

3.85 

1 1.00 

0.46 

0.0118 

3.85 

1.02 

0 46 

0. 01 13 

3 85 

i 1.02 

0.46 

0.0113 

5 85 

1 1.26 

0.56 

• . 0113 

£ .85 

| 1.24 

0. 58 

0.0118 
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TABLE  I (cont'd. ) 


TEST  PARAMETERS 

TEST  RESULTS  | 

Tria  Angle,  r, 
deg. 

Load,  A. 
lb. 

Netted  Length,  Ll, 

betas 

Wetted  Width,  2 C„, 

betas  p 

Lift  Coefficient,  CL 

A = 

30°  (cont'd.) 

VR  = 24 .6  ft. /sec. 

s 

S .85 

0 80 

0.52 

0 0281 

5.85 

0 78 

o.  so 

0.  0205 

3.  85 

0.63 

0.40 

S.  0298 

3 . 85 

0 62 

0.40 

0 0306 

10 

5 85 

0.61 

0 46 

0.  0482 

5 . 85 

o ti 

n » o 

v . * © 

0 0463 

7.85 

0.  73 

0.56 

C 0451  1 

7.85 

0.  78 

0.56 

0 0396 

12 

7 .85 

0.52 

0.  52 

0. 0889 

7 .85 

0 53 

0 52 

0.0854 

5 85 

; 0.45 

0.  44 

0 0898 

5 85 

: 045 

0.  46 

0.0898 

TABLE  II 

SUMMARY  VABLE  OF  THE  CALCULATED  STABILITY  DERIVATIVES 


DERIVATIVE 

1 

VALUE  IN  TERMS  OF  EQUILIBRIUM  Z-FCRCE 

2-Force  Derivatives 

1 

2 „ i 

^2 

Lksinro  "o  | 

5-4  | 

sin  2tq  *0  j 

2. 

2 2 
VR  tanr0  ° 

Z9 

2 U |»f;]  (».\(1(!0!ls|2 

3V» costq  \ cos/3/  \v0/ 

M-Moaent  Derivatives 

! u 

t "2 

2 z. 

slnTo  ° 

l.f 

3.6L* 

sin  2t0  *° 

% 

3V,  tar.r0  ° 

V 

Lfe2F2ra)  /Vfl\  /cosAa\  | 

3V,  cosr0  \voy  \ cos/5  / ° 

ASSOCIATED  WEDGE 
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FIGURE  3 

VARIATION  OF  ASSOCIATED  WEDGE  DEADRISE  ANGLE 
WITH  PLANING  BODY  DEADRISE  AND  TRIM  ANGLES 
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DYNAMO WET : 
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FIGURE  5 

TYPICAL  UNDERWATER  PHOTOGRAPHS 
OF  THE  PLANING  BODY 


PLANING  CONDITIONS 

P*  \o\  T * 12*,  A«  7 LB.  * 24.66  FT./SEC. 


PLANING  CONDITIONS 

£ *20*.  T * 2 *,  A * 2 LB.  V*«  24.50  FT./SEC. 


A*  MEASURED  VALUE  OF  Cp 

B=  PREDICTED  VALUE  OF  Cp  FROM  EQ.  (8)  AND  Lk 
C=  STAGNATION  LINE 
D = KEEL 


LIFT  COEFFICIENT 


FIGURE  6 
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COMPARISON  OF  EXPERIMENTAL  AND  THEORETICAL  VALUES 
OF  THE  LIFT  COEFFICIENT 


MAXIMUM  PRESSURE  COEFFICIENT 
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FIGURE  7 

VARIATION  OF  THEORETICAL  MAXIMUM  PRESSURE  COEFFICIENT 

WITH  WEDQE  DEADRISE  ANGLE 


FIGURE  9 

VARIATION  OF  THEORETICAL  MAXIMUM  PRESSURE  COEFFICIENT 

WITH  TRIM  ANGLE 
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FIGURE  it 

A PLAN  VIEW  OF  THE  PLANING  BODY 
WITH  SECTIONAL  PRESSURE  CONTOURS 


PRESSURE  OiSTRisUTiON 
ACROSS  SECTION  A— A 


AVERAGE  PRESSURE  COEFFICIENT, 


FIGURE  18 


TRUE  VIEW  OF  0 Hfi  SIDE  OF  THE  SYMMETRICAL  WETTED  AREA 

OF  THE  PLANING  BODY 


variation  of  deadrise  factor  k with  wedge  deadrise  an  cue 


WEDGE  OEADUtSE  ANGLE,  DEG. 


NOTICE:  WHEN  GOVERNMENT  OR  OTHER  DRAWINGS,  SPECIFICATIONS  OR  CT  SER  I \TA 
ARE  USED  FOR  ANY  PURPOSE  OTHER  THAN  IN  CONNECTION  WITH  A DEFINITELY  R .LATED 
GOVERNMENT  PROCUREMENT  OPERATION,  THE  U.  S.  GOVERNMENT  THEREBY  INCt  FU- 
NG RESPONSIBILITY,  NOR  ANY  OBLIGATION  WHATSOEVER;  AND  THE  FACT  THAT  TJ  E 
GOVERNMENT  MAY  HAVE  FORMULATED,  FURNISHED,  OR  IN  ANY  WAY  SUPPLIED  TJ  E 
SAID  DRAWINGS,  SPECIFICATIONS,  OR  OTHER  DATA  IS  NOT  TO  BE  REGARDED  RY 
IMPLICATION  OR  OTHERWISE  AS  IN  ANY  MANNER  LICENSING  THE  HOLDER  OR  ANY  3THER 
PERSON  OR  CORPORATION,  OR  CONVEYING  ANY  RIGHTS  OR  PERMISSION  TO  MANTJF  vCTURE, 
USE  OR  SELL  ANY  PATENTED  INVENTION  THAT  MAY  IN  ANY  WAY  BE  RELA*?f50  TRI  RETO. 


